Calcium carbonate biomineralisation in disparate systems : common mechanisms? by England, Jennifer Katherine
Glasgow Theses Service 
http://theses.gla.ac.uk/ 
theses@gla.ac.uk 
 
 
 
 
 
England, Jennifer Katherine (2005) Calcium carbonate biomineralisation 
in disparate systems - common mechanisms?  
 
PhD thesis 
 
 
 
 
http://theses.gla.ac.uk/4024/ 
 
 
 
Copyright and moral rights for this thesis are retained by the author 
 
A copy can be downloaded for personal non-commercial research or 
study, without prior permission or charge 
 
This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author 
 
When referring to this work, full bibliographic details including the 
author, title, awarding institution and date of the thesis must be given 
 
Calcium Carbonate Biomineralisation in Disparate 
Systems - Common Mechanisms? 
Jennifer Katherine England 
A thesis submitted for the degree of Doctor of Philosophy 
Division of Earth Sciences, Centre for Geosciences, 
University of Glasgow 
March 2005 
© Jennifer England 2005 
Abstract 
Biominerals are composite materials in which orgaruc components control mineral 
nucleation and structure. Calcium minerals account for over 50% of biominerals, with 
calcium carbonate being the most common type. 
This study considers the extent to which four calcium carbonate biomineral systems share 
common characteristics. Within the sample set, there is a range of ultrastructures and two 
types of calcium carbonate polymorph (calcite and aragonite). The mini survey includes 
three invertebrate systems: two members of the Phylum Brachiopoda; the articulated 
brachiopod Terebratulina retusa (Subphylum Rhynchonelliformea) and the inarticulated 
brachiopod Novocrania anomala (Subphylum Craniiformea), and a member of the. 
Mollusca, the bivalve Mytilus edulis. The fourth, outlying vertebrate system, is the 
eggshell of the domestic fowl, Gallus gallus. 
The minor element composition of each of the four systems is considered in the context of 
mineral ultrastructure. The shell of T. retusa comprises two layers; a primary layer of 
acicular calcite and an underlying secondary layer composed of calcite fibres. In thin 
section, a variation between the upper and lower portions of the secondary layer is evident. 
The concentration of magnesium, sulphur and strontium are significantly greater in the 
primary layer of the shell. Magnesium concentration also differs between the upper and 
lower regions of the secondary layer with higher concentration in the upper portion of the 
secondary layer. 
The shell of N anomala consists of two layers; a primary layer of acicular calcite and a 
secondary layer of calcite semi-nacre. N anomala has a high magnesium calcite shell. 
The concentration of minor elements does not differ significantly between the primary and 
secondary layers. 
Two calcium carbonate polymorphs occur in the M edulis shell with an outer calcite layer 
and an inner aragonite layer. Magnesium concentration is higher in the calcite layer while 
strontium concentrations are greater in the aragonite layer. Sodium concentration 
gradually decreases across the calcite layer from the outer surface to the calcite/aragonite 
boundary and increases in the aragonite layer. 
The eggshell of G. gallus contains shell membranes, mammillary caps, a palisade layer, a 
vertical crystal layer and an outer organic cuticle. The concentration of magnesium is high 
in the mammillary caps, and decreases as the mammillary caps fuse and then gradually 
increases through the palisade and vertical crystal layers to the outer cuticle. The 
concentration of phosphorus and potassium is low in the mammillary caps and gradually 
increases through the shell to reach maximum concentration in the cuticle. 
Variation in the concentration of minor elements in the shells of T. retusa and N. anomala 
do not relate to changes in mineral ultrastructure. Differences in shell chemistry between 
these two brachiopods may be related to differences in physiology. The principal control 
on the distribution of minor elements in M edulis is crystal structure. In G. gallus the 
concentration of minor elements changes as ultrastructure changes. However, 
ultrastructure is unlikely to be the main control on shell chemistry, as abrupt changes in 
shell ultrastructure contrast to gradual changes in element distribution throughout the shell. 
While there may be similarities in the mechanisms controlling the minor element 
composition between some systems e.g. the extent to which some organisms control the 
ionic composition of the mineralising medium, there does not appear to be a common 
principal mechanism that governs the chemical composition of these four biominerals. 
To some extent, more unity is evident in the biochemical characteristics of the organic 
matrix that are common to the four systems. The soluble organic matrices of the shells all 
contain small, acidic proteins. The amino acid composition of the four systems also 
displays some similarities such as a high glycine concentration. In each case, sulphated 
sugars are also associated with the soluble organic matrix. 
Closer examination of the organic components reveals that the protein profiles are different 
in each of the four systems. 
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Chapter 1 Introduction 
1.1 Introduction 
Biominerals are produced by organisms from all five kingdoms (Lowenstam and Weiner, 
1989). They vary in complexity from chains of magnetite crystals produced by 
magnetotactic bacteria to the intricate structures of bone, tooth enamel and dentine. 
Biominerals perfonn a wide range of functions from magnetic sensors to protection and 
motion. Calcium minerals account for approximately 50% of biogenic minerals 
(Lowenstam and Weiner, 1989), of which calcium carbonate is the common phase and is 
frequently present as one or both of the polymorphs of CaC03, calcite and aragonite. 
Biominerals are composite materials composed of a mineral phase with an organic matrix. 
Biomineralisation processes can be considered in two categories: Biologically Induced 
Mineralisation and Biologically Controlled Mineralisation (Lowenstam and Weiner, 1989). 
Biologically induced mineralisation takes place by precipitation of minerals commonly 
from metabolic and cellular processes (Lowenstam and Weiner, 1989 and Mann, 2001). In 
this case, the organism does not regulate the formation of the biomineral. Biologically 
controlled mineralisation refers to the interaction of organic macromolecules and ions to 
regulate the precipitation and growth of the mineral (Lowenstam and Weiner, 1989 and 
Mann, 1990 and 2001). The products of biologically controlled mineralisation display 
exquisite morphologies and have physical properties that differ from those of inorganic 
carbonates (Feng et ai., 2000 and Magdans and Gies, 2004). 
1.2 Biominerals 
Biominerals comprise a mineral phase with an organic matrix of proteins, carbohydrates 
and lipids. The protein component controls the nucleation, morphology and crystal 
structure of the mineral (Lowenstam and Weiner, 1989, Belcher et 01., 1996 and Falini et 
al., 1996). The minor and trace element compositions of the skeletons of marine 
invertebrates have been of interest due to their potential application as seawater 
palaeothermometers (e.g. Elderfield and Ganssen, 2000 and Martin et 01., 2002). The 
chemical composition of the mineral and the organic matrix can also provide information 
on the mechanisms that underlie the formation of biominerals. The following sections 
describe some of the extensive literature on the composition of both the inorganic and 
organic components of biominerals. For a more detailed review of minor element 
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composition and organic matrix composition of biominerals refer to Sections 3.2 and 4.2 
respectively. 
1.1.1 Inorganic Components 
The concentration and spatial distribution of minor and trace elements within the skeletons 
of marine invertebrates is determined by a range of biological and environmental variables 
(Lorens and Bender, 1977, Dodd, 1965 and Elderfield et al., 1996). MglCa values of 
calcite skeletons of a variety of marine invertebrates display a positive correlation with the 
temperature of ambient seawater (Lea et af., 1999, Lowenstam, 1961 and Dickson, 2002). 
However, this relationship is not consistent between species and biological factors may 
influence the incorporation of magnesium into marine invertebrate skeletons (Vander 
Putten et al., 2000 and Lorens and Bender, 1977). Mg/Ca values in shells of M edulis do 
not display a consistent correlation with water temperature over the year (Vander Putten et 
al., 2000). Although the influence of temperature is not dismissed, other factors must 
therefore contribute to controlling the incorporation of magnesium into M edulis calcite 
01 ander Putten et af., 2000). One suggestion is that variations in growth rates may 
contribute to variation in element distribution throughout individual CaC03 shells. 
Buening and Carlson (1992) identified two patterns of magnesium distribution in the shells 
of the articulated brachiopods Terebratulina unguicula and Terebratalia transversa. Both 
ontogenetic patterns of magnesium distribution are attributed to variations in growth rate 
through ontogeny and seasonal variations in the availability of nutrients (Buening and 
Carlson, 1992). In some cases it is difficult to ascertain the precise controls on 
incorporation of magnesium into marine biominerals as temperature and growth rate are 
partially coupled (Mii and Grossman, 1994) and may also influence physiological 
processes that ultimately control the uptake of magnesium into the shells of some taxa 
(Nurnberg et al., 1996). 
Mg/Ca values also influence crystal morphology (Meldrum and Hyde, 2001), while 
varying the concentration of magnesium alters the kinetics of calcite growth in vitro 
(Hincke & St Maurice, 1998). Magnesium may therefore have an active role in the 
development of the biomineral. 
Strontium/calcium values of biotic carbonate may be related to a number of factors 
including temperature, growth rate and the organism's physiology (Stoll et 01., 2002, 
2 
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Vander Putten, 2000, Stecher III et al., 1996, Klein et aI., 1996). A positive relationship 
between strontium concentration and temperature has been found in the aragonite test of 
the benthic foram, Hoeglundina elegans (Reichart et al., 2003). There is also a positive 
relationship between strontium concentration and temperature in the calcite tests of the 
benthic foraminifera, Cibicides wuellerstorfi and Cibicides refulgens (Rathburn and De 
Deckker, 1997). However, this relationship is not consistent with other species of benthic 
foraminifera (Rathburn and De Deckker, 1997). Strontium concentration in abiotic and 
biotic marine carbonate may also be related to precipitation rate (Lorens, 1981; Carpenter 
and Lohmann, 1992), the concentration of magnesium present in the crystal lattice (Mucci 
and Morse, 1983) and the concentration of strontium in the seawater (Lorens and Bender, 
1980; Hockett et al., 1997). 
1.2.2 Organic Components 
The organic components of biominerals are extremely important to many aspects of 
biomineral fonnation, influencing the nucleation, crystal structure and morphology of the 
mineral (Lowenstam and Weiner, 1989, Simkiss and Wilbur, 1989, Mann, 2001, Belcher et 
al., 1996, Wheeler and Sikes, 1984). The organic matrix can be divided into two fractions, 
the intercrystalline matrix, which surrounds the mineral, and the intracrystalline matrix, 
which is encased within the mineral. Demineralisation of the biomineral using the calcium 
chelator, ethylene diamine tetra acetic acid (EDTA) releases the intracrystalline matrix 
which comprises two fractions: an insoluble and a soluble organic matrix fraction. 
The insoluble matrix is composed of hydrophobic macromolecules, which provide a 
framework for crystal fonnation and influence the final properties of the biomineral (Feng 
et al., 2000, Weiner et al., 1983, Weiner, 1984). The concentration of insoluble organic 
matrix varies considerably between species and in some cases is absent, suggesting that the 
framework proteins do not have an essential role in the mineralisation of some skeletons 
(Weiner et al., 1983). 
In contrast, the soluble organic matrix is present in all biologically controlled systems 
(Weiner et al., 1983). It is composed predominantly of acidic macromolecules that have a 
calcium binding function, which is essential to the nucleation process (Weiner, 1979). A 
number of soluble matrix proteins are also glycosylated and the carbohydrate groups may 
3 
Chapter 1 Introduction 
be involved in the biomineralisation process possibly via their sulphate and carboxylic acid 
groups (Cusack et al., 2000, Ameye et al., 2001, Mann, 20ot). 
There have been a number of in vitro studies on the effect of organic matrix proteins on 
calcium carbonate crystal growth (e.g. Feng et al. 2000b, Zaremba et al. 1996, Wheeler et 
al. 1981 and Levi et al., 1998). Soluble matrix proteins exert control over both crystal 
morphology and polymorph (Belcher et al., 1996, Thompson et al., 2000, Levi et al., 1998 
and Falini et al., 1996). Aragonite grew in the presence of macromolecules extracted from 
the aragonite layers of molluscs which were adsorbed onto a substrate of p-chitin and silk-
fibroin (Falini et al., 1996). By contrast, calcite formed with the addition of 
macromolecules extracted from the calcite layers of the same molluscs. A mixture of 
proteins extracted from mollusc shell nacre on addition to CaC03 induced the formation of 
aragonite in vitro in the absence of a preformed organic matrix (Belcher et af., 1996). 
1.2.3 Biomineralisation Mechanisms 
The general model for the structure of organic matrices comprises a core framework of 
hydrophobic macromolecules with surface layers of hydrophilic proteins and 
polysaccharides (Weiner, 1984). This model is illustrated in the nacreous layer of mollusc 
shells, in which the surface of a core framework comprising the polysaccharide p-chitin 
and layers of silk-fibroin-like protein is covered by acidic macromolecules (Weiner and 
Traub, 1984). Levi-Kalisman et al., (2001) confirmed the presence of ordered 
interlamellar sheets of organic matrix between layers of nacre in the bivalve Atrina. 
However, the overall structure of the layer is determined by j3-chitin, while the other 
constituent of the organic matrix, silk-fibroin, is not an essential component of the 
interlamellar sheets (Levi-Kalisman et al., 2001). 
The nucleation, morphology and crystal structure of biominerals is controlled by the 
interaction of organic molecules and ions at the surface of the crystal nucleus (Mann, 1988, 
2001). This match of charge, polarity and stereochemistry between organic molecules and 
ions, termed "molecular recognition", reduces the activation energy required for crystal 
nucleation (Mann, 1988, 2001). 
Ionotropy involves the accumulation of binding sites in localised areas which result in 
regions of high charge density (Mann, 2001). The accumulation of ionic charge attracts a 
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large number of ions resulting in the nucleation of the biomineral (Mann, 1988, 2001). 
With respect to calcium carbonate, the binding sites fixed to the organic matrix framework 
bind Ca2+ ions, which attract carbonate anions (COl). In tum, the carbonate anions attract 
Ca2+ ions. Nucleation takes place due to the local supersaturation of ions resulting in an 
amorphous mineral deposit (Greenfield et al., 1984). Amorphous calcium carbonate 
deposits have been identified as a precursor stage to crystalline deposits in some 
invertebrate calcium carbonate skeletons, including calcite sea urchin spicules (Beniash et 
al., 1997, Wilt et al., 2003), spicules from ascidian skeleton (Aizenberg et al., 2002) and 
the aragonitic larval shells of the bivalves Mercenaria mercenaria and Crassostrea gigas 
(Weiss et ai., 2002). 
The alternative model to ionotropy, the template model (epitaxy) requires that the 
structural arrangement of the surface of the organic matrix matches that of the structure of 
the crystal face (Mann, 1988). The soluble organic matrices of the molluscs, Crassostrea 
virginica, Mercenaria mercenaria, Crassostrea irredecens and Nautilus pompilius contain 
a high concentration of the amino acids glycine and aspartic acid suggesting the presence 
of proteins with repeat sequences of (AsP-Y)n where Y is glycine or serine (Weiner and 
hood, 1975). If this sequence is present in the p-sheet formation then the arrangement of 
aspartic acid residues would correspond to the crystallographic arrangement of Ca2+ in the 
aragonite lattice (Weiner and Hood, 1975). 
This model does not explain the preferential formation of calcite or aragonite owing to the 
similarities in crystal structure of the (001) faces of calcite and aragonite, it has been 
suggested that the polymorph may be dependant on the arrangement of C032- anions 
around Ca2+ ions (Mann, 1988 and 2001). 
1.3 Emergence and Early Evolution of Biominerals 
The relatively sudden emergence of organisms with complex mineralised skeletons 
together with a radiation of metazoans with complex body plans in the Early Cambrian 
(545-595Ma) marks one of the major events in the evolution of life. Only a few shelly 
fossils have been found at the base of the Cambrian but there followed a gradual 
proliferation of taxa with mineralised skeletons (Knoll, 2003). The abundance of shelly 
fossils increased over 25Ma from the base of the Cambrian (Knoll, 2003). A number of 
theories have been suggested for the apparently rapid development of skeletal 
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mineralisation. These have included environmental factors, such as rising atmospheric 
oxygen levels (Towe, 1970), and biological factors including an increase in predation 
pressure (Bengtson, 1994, Simkiss, 1989). 
There is no clear evidence to indicate that the evolution of marine animals with mineralised 
skeletons in the Early Cambrian was principally linked to environmental changes. The 
diversification of taxa producing mineralised skeletons may have resulted from a 
combination of biological and environmental factors. Many of the cell mechanisms 
involved in producing biominerals were present before the appearance of skeletal material 
in the fossil record (Simkiss, 1989). These cell systems and biochemical pathways that 
were established before the evolution of eukaryotes predisposed cells to producing 
biominerals. These cell mechanisms, coupled with the development of complex 
multicellular organisms and the environmental stresses (i.e. increased predation) that were 
prevalent in the Early Cambrian, led to the diversification of taxa with skeletons (Simkiss, 
1989). 
There are some biochemical similarities between the organic matrices of organisms from 
different phyla, in particular the presence of acidic proteins (Weiner et ai., 1983). This 
suggests that there may be common processes involved in the formation of biominerals 
(Weiner et ai., 1983). Biologically controlled mineralisation could therefore have 
originated in common Early Precambrian ancestors or evolved following the divergence of 
phyla (Lowenstam and Weiner, 1983). While phylogenetic evidence indicates that 
skeletons evolved independently in the Metazoa (Knoll, 2003), the biochemical 
mechanisms that underlie skeletal formation may have a common origin (Westbroek and 
Marin, 1998). 
1.4 Aims of this Study 
In order to establish whether organisms from different phyla employ similar processes in 
the formation of biominerals it is necessary to establish whether the organic matrix and 
mineral components of the biominerals share common characteristics. While some 
comparative studies have been undertaken, few of these have compared organisms from 
different phyla e.g. Weiner et aI., (1983). The aims of this study are to compare the 
organic and inorganic constituents of biominerals produced by organisms from different 
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phyla and so determine whether they share common mineralisation components and by 
implication processes. 
As calcium carbonate is the most common biomineral, four calcium carbonate systems 
from three different phyla were used for the survey. The four systems comprise 
biominerals produced by three invertebrates and a vertebrate. The invertebrates include 
two members of the phylum Brachiopoda; the articulated brachiopod Terebratulina retusa 
(Sub-phylum Rynchonelliformea) and the inarticulated brachiopod Novocrania anomala 
(Sub-phylum Craniata), and a member of the phylum Mollusca (Class Bivalvia); Mytilus 
edulis. The vertebrate system is the eggshell of the domestic fowl, Gallus gallus. These 
four systems comprise two calcium carbonate polymorphs, calcite and aragonite, and a 
variety of ultrastructures. 
The concentration and distribution of minor elements within each is described within the 
context of ultrastructure in Chapter 3. Chapter 4 compares the organic matrix composition, 
in particular the protein composition of the four systems in terms of protein molecular 
weight and charge, amino acid composition and the presence of sulphated sugars. 
1.5 The Four Biomineral Systems 
The following sections provide a brief introduction to the four systems analysed in this 
study. For a more detailed description of the ultrastructure of the shells of T. retusa, N. 
anomala, M edulis and G. gallus refer to Chapter 3, Sections 3.3.1 to 3.3.4 inclusive. 
1.5.1 Terebratulina retusa 
Terebratulina retusa (Figure 1.1) is an articulated brachiopod belonging to the Subphylum 
Rhynchonelliformea, Class Rhynchonellata (Williams et al., 1996). The Subphylum 
Rhynchonelliformea is characterised by an organocarbonate shell with a fibrous secondary 
layer. Rhynchonelliform brachiopods possess a pedicle. The calcite shell comprises two 
layers; an outer primary layer of acicular calcite and an inner secondary layer of calcite 
fibres (Figure 3.1), both of which are secreted by the mantle epithelium (Williams, 1968). 
Specimens of T. retusa attached to shells of the bivalve Modiolus modiolus were collected 
from a depth 200m in the Firth of Lome, NW Scotland. 
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Figure 1.1 Specimen of the articulated brachiopod 
Terebratulina retusa colJected from the Firth 
of Lorne, NW Scotland 
Anterior to posterior shell length is approximately 2cm. 
1.5.2 Novocrania anomala 
ovocrania anomala (Figure 1.2) is an inarticulated brachiopod belonging to the 
ubphylum Crani iformea, Class Craniida (Williams et al., 1996). The Subphylum 
Craniifonnea is characterised by an organocarbonate shell with a laminar secondary layer 
lacking teeth and sockets. In contrast to members of the Rhynchonelliformea such as T 
retu a, Craniiforrnea lack a pedicle. In N anomala, the ventral valve is cemented to the 
ubstrate. pecimen of N anomala were collected from the same location as T retu a. 
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Figure 1.2 Dorsal valve of a specimen of the 
in articulated brachiopod Novocrania 
anomala 
The width of the dorsal valve is approximately I.5cm. 
1.5.3 Mytilus edulis 
Mytilus edulis (Figure 1.3) belongs to the Phylum Mollusca, Class Bivalvia, Subclass 
Pteriomorphia. The bivalve molluscs have soft parts enclosed within an equivalved shell, 
while the Ptreiomorphia encompass a group of byssate bivalves with shells composed of 
either calcite, aragonite, or both calcium carbonate polymorphs. Mytilus edulis has a shell 
with an outer layer of prismatic calcite and an inner aragonite layer. In bivalve molluscs 
the hell is separated from the mantle by the extrapallial fluid from which calcium 
carbonate crystallisation takes place (Simkiss and Wilbur, 1989). The inorganic 
compo ition of the extrapallial fluid is regulated by the movement of ions across the 
mantle and is different to seawater ( imkiss and Wilbur, 1989 and Crenshaw, 1972). 
Specimens of M edulis were obtained from a mussel farm on the coast of Oban, NW 
Scotland. 
9 
Chapter I Introduction 
Figure 1.3 Interior of specimen of the Bivalve 
Mollusc Mytilus edulis 
Length of the shell from anterior to posterior i approximately 7cm. 
1. 5.4 Avian Eggshell (Gallus gallus) 
The calcite eggshell of the domestic fowl , Gallus gallus comprises six regions; the inner 
and outer shell membranes, the calcified mammillary caps, the pallisade layer, the vertical 
crystal layer and the cuticle which is composed of organic material and hydroxyapatite 
crystals (Dennis et at. , 1996 and Femendez et al., 2001). The egg is produced in the 
isthmus and uterine sections of the hen oviduct (Nys et aI. , 1999). The membranes that 
encompass the yolk and albumen of the egg are produced in the isthmus, which forms the 
di tal part of the oviduct. As the egg moves down the oviduct, initial calcification takes 
place in the red isthmu where the mammillary caps are formed. A large proportion of 
calcite depo ition and the addition of the eggshell cuticle fmally take place in the uterus 
(Nys ef at. 1999 Fernandez et al. 2001 and olomon, 1991). Eggshell formation is rapid 
being complete within 24 hours in a constant temperature environment (Simkiss, 1961 and 
Cusack el al. , 2003). Specimens of the eggshell of G. gallus were obtained from a 
commercial source. 
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Infundibulum 
Magnum 
Isthmus 
Uterus 
Vagina 
(Ohr 20min) 
(3hr 30min) 
Deposition of Membranes 
1hr 15min 
Deposition of Shell 
21hr 
a 
Figure 1.4 (a) Eggshell formation in the domestic fowl Gallus 
gallus (after Gautron, 1994), (b) Cross-section of the 
eggshell of G. gallus 
M mammillary caps, P pa/i ade layer, VC vertical cry tal layer, 
cuticle. 
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2 Materials and Methods 
2.1 Materials (Appendix A) 
2.2 Sample Collection and Preparation 
Living specimens of Terebratulina retusa and Novocrania anomala were collected from 
the Firth of Lome, Oban, NW Scotland (56° 24'N, 5°38 4'W). Samples were obtained 
from a depth of 200m by dredging, which was carried out by the crew of the research 
vessel Calanus from the Dunstaffnage Marine Laboratory, Oban. Specimens were stored 
in seawater and transported to the University of Glasgow. Specimens of the bivalve 
Mytilus edulis were collected from a mussel farm on the coast of Oban. Eggshells were 
obtained from a commercial source. 
T. retusa is attached to the substrate via a muscular pedicle. The pedicle was removed, the 
valves disarticulated and the soft tissues removed using dental tools. In contrast, the 
ventral valve of N. anomala is cemented to the substrate. When removing the ventral 
valve from the substrate it is therefore difficult to ensure that the base of the valve is not 
contaminated by substrate material. As a result, only the dorsal valve of N. anomala was 
analysed. The dorsal valve was separated from the ventral valve and the soft tissues 
removed. T. retusa and N. anomala valves were cleaned in an aqueous solution of sodium 
hypochlorite (1% v/v) and rinsed in Milli QTM water. 
For M edulis, the left and right valves were prised apart, the soft tissues removed and the 
valves cleaned in a solution of sodium hypochlorite (l % v/v). The thick periostracum was 
removed using a hand drill equipped with a grinding wheel tool. The valves were rinsed in 
Milli QTM water. 
To extract extrapallial fluid from specimens of M edulis the shell valves were prised apart 
and a syringe inserted between the mantle tissues and the shell. To prevent contamination 
by seawater only live specimens with the mantle tissues fully attached to the inner surface 
of the shell were used. The fluid was extracted, washed with sodium phosphate buffer and 
concentrated through Microcon filters under centrifugation at 3000rpm (734.53g) for 15 
minutes. 
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For the three marine invertebrates, only shells obtained from individuals that were alive 
when collected were analysed. 
The eggshells were halved and the contents removed. The membrane covering the inner 
surface of the shell was removed by incubation in an aqueous solution of sodium 
hypochlorite (37% v/v) for 20 minutes (Cusack and Fraser, 2002). All specimens were 
rinsed thoroughly with Milli QTM water. 
2.3 X-ray Diffraction (XRD) 
X-ray diffraction (XRD) utilises the reflection profile of X-rays from crystal lattice planes 
for mineral identification. Each mineral has a unique XRD profile (i.e. d spacing and 29 
angle) enabling mineral identification by comparison of the XRD profile with those in the 
Joint Committee on Powder Diffraction Standards (JCPDS) database. 
Each sample was powdered in an agate mortar and pestle and mixed with acetone. The 
powder was pasted onto a glass slide, allowed to dry and loaded on to A Philips PW 
1050/35 X-ray diffractometer. 
2.4 Examination of Shell Ultrastructure 
Samples were prepared as described in Section 2.2. The shells were fractured and mounted 
on scanning electron microscope stubs. The samples were gold coated and the fractured 
edges examined using secondary electrons in a Cambridge Instruments S360 Scanning 
Electron Microscope (SEM) operated at 20kV. 
2.5 Thin Section Preparation 
Samples were prepared as described in Section 2.2. The samples were embedded in 
araldite resin and sectioned. T. retusa and N. anomala valves were sectioned from anterior 
to posterior, M edulis shells were sectioned at 900 to the hinge axis, and a square section 
(approximately lcm2) from the equator of the eggshell was cut in half. The samples were 
fixed to glass slides, ground to a thickness of 30J.llll and polished using diamond 
compounds (6f.U11-1I4Ilm) for reflected light microscopy and cathodoluminescence 
microscopy and spectroscopy. 
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2.6 Minor and Trace Element Analysis 
2.6.1 Sample Preparation 
Samples were prepared as described in Section 2.2, however the M edulis periostracum 
and the eggshell membrane were not removed for element analysis. T. retusa and N. 
anomala valves were sectioned from anterior to posterior, M edulis shells were sectioned 
at 90° to the hinge axis, and a square section (approximately lcm2) was taken from the 
equator of the eggshell. All samples were embedded in araldite resin blocks, polished with 
diamond compounds (6J.lm to 1I4~) and carbon coated for electron microprobe spot 
analysis (EMPA) and element mapping by wavelength dispersive spectral analysis (WDS). 
Element mapping was also carried out using a Cambridge Instruments SEM equipped with 
an energy dispersive spectrometer (EDS). 
2.6.2 Electron microprobe analysis (EPMA) 
Electron microprobe analysis (EPMA) enables the concentration of minor and trace 
elements in a polished sample to be quantified. The wavelength dispersive spectrometer 
(WDS) provides better peak resolution and a lower detection limit than EDS for 
quantitative analysis of elements that are present in low concentrations. A further 
advantage of EPMA in relation to other chemical analysis techniques (e.g. atomic 
absorption) is that micrometre-sized volumes of samples can be analysed. 
Analyses in a line perpendicular to the line of section were carried out using a Cameca 
SX50 Electron Microprobe equipped with three wavelength dispersive spectrometers. The 
instrument was operated at 15KV with a 10nA current and the spot was defocused to lO~ 
in order to prevent beam damage. The electron microprobe was calibrated using standards 
for Na, Mg, S, K, Ca, Mn, Fe and Sr (see Appendix B for calibration standards). Three 
specimens of T. retusa, N. anomaia, M edulis and G. gallus were analysed and each 
analysis repeated in triplicate. Matrix corrections were carried out using a PAP correction 
procedure. The detection limit for each element on the SX50 electron microprobe was 
calculated from: 
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Where 
D t ti •" "t - 3 I Rb e ec on IIDI - -m -Ii ·lb~ 
m = counts/secondl% element in the standard 
Rb =counts per second on the background 
Tb = count time on the background 
Data errors were calculated from: 
O~ E ~10~0~~. 
'0 rror=~ if (JRp - JRb ) 
Where 
T=count time on the peak 
Rp=counts per second on the peak 
Rb=counts per second on the background 
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The quantitative analysis of carbonates by EPMA can be problematic, especially for 
elements that are present in low concentration (e.g. Mn). Thus, it is essential to determine 
both the detection limit of the electron microprobe for each element and the errors related 
to the data set. 
A plot of Na concentration as a function of the percentage error associated with the data is 
presented in Figure 2.1. The errors shown are calculated for analyses carried out on N. 
anomala under electron microprobe conditions of lSkV with a IOnA defocused beam. 
There is a clear relationship between the concentration of each element in the sample and 
the size of the error associated with each data point. Error size is greatest for those 
elements that are present in low concentration. For sodium analyses, a large proportion of 
the data falls within a +/-5-10% error limit and is above the detection limit of 0.089 wt %. 
For magnesium, the error limit is below +/-2 % while errors for Sr data are commonly 
between +/-10-15%. For analyses of manganese, the data set is unreliable as the errors 
associated with the data are large and elemental concentration is below the calculated 
detection limit of 0.055 wt"1o. Other elements that are present in concentrations below the 
detection limit of the electron microprobe include iron and, in some instances, potassium 
IS 
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and phosphorus. Plots of Mg, S, Ca, Sr, Mn, Fe, P and K were produced for each system 
and only elements that are above the detection limit are discussed. 
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Figure 2.1 Plot of concentration of Na against percentage error 
for N. Qllomaia electron microprobe analyses 
The detection limit and errors for sodium were calculated using the 
equation presented in Section 2.6.2. The errors on the data set for 
sodium concentration in N. anomala were calculated using the 
equations in Section 2.6.2. The detection limit of O. 08wt% is shown 
as a dashed line. 
2.6.3 Element Mapping 
EDS element mapping is a qualitative technique that produces an image showing spatial 
variations in element concentrations. Elemental maps were produced using a Cambridge 
instruments S360 SEM equipped with an Oxford Instruments Isis Microanalysis System, 
(operated at 15Ke V with a 4nA current). In instances where an element was present in 
particularly low concentration or a more detailed map was required, element mapping was 
carried out using the Cameca SXSO electron microprobe operated at 1 SKY with a 20nA 
current and a 5f.Ull defocused beam. 
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2.6.4 Cathodoluminescence (CL) Microscopy 
The wavelength and intensity of light emitted from a sample when bombarded by electrons 
can be characteristic of the mineral type and the elements incorporated within it. CL 
imaging has an advantage over electron probe analysis and EDS mapping because it may 
reveal the presence of elements in concentrations below analytical detection. CL images of 
the systems were produced using a CITL Technosyn 8200 MK4 operated at 25kV and 
mounted on a Zeiss Axioplan petrological microscope. 
2.6.5 Cathodoluminescence (CL) Spectroscopy 
CL-spectroscopy can be used to determine the presence of certain chemical elements from 
their CL emission wavelength (Habermann et 01., 1999). In cases where an element is 
below the detection limit for microprobe analyses, the high sensitivity of CL-spectroscopy 
is an advantage (Habermann, 2002). 
Thin sections were prepared as described in Section 2.5. CL spot analyses and CL 
mapping were carried out using a Cameca SXIOO electron microprobe equipped with a CL 
spectrometer capable of determining the wavelength and intensity of CL emission over the 
wavelength range of 350-850nm. CL maps and spectra were displayed using the computer 
software, Cathodoluminescence Hyperspectral Imaging and Manipulation Program 
(CHIMP). 
2.7 Determination of Total Organic Concentration and 
Distribution 
2.7.1 Loss on Ignition 
Loss on ignition was employed to determine the total organic content of each of the four 
biominerals. Each sample was powdered, weighed and heated in an oven at 500°C for two 
hours then re-weighed. The weight loss following combustion corresponds to the mass of 
organic material originally present. 
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1.7.1 Scanning Electron Microscope Backscatter (BSE) Imaging 
Backscatter electron (BSE) imaging in the SEM can be used to highlight spatial variations 
in mean atomic number. Here BSE imaging has been used in an attempt to determine the 
distribution of organic material within the four biomineral systems. The significant 
difference in mean atomic number between calcium carbonate and organic components of 
the shell should enable these two components to be distinguished. BSE images were 
produced using a Cambridge Instruments S360 SEM operated at 15KV with a range of 
beam currents. 
2.8 Extraction, purification and visualisation of shell protein 
1.8.1 Extraction of intercrystalline protein 
Shell samples were crushed to a fine powder using a Temer rock crusher (for large 
quantities) or a ceramic mortar and pestle (for smaller quantities). Powdered samples were 
incubated in an aqueous solution of guanidine hydrochloride (GnHCL) containing 
proteinase inhibitors and Tris buffer (4M guanidine, 50mM Tris, 2.5mM Benzamidine-
HCI, 50mM N-etbylmaleimide, ImM Phenyl methyl sulphonyl fluoride), buffered to pH 
7.4 under constant agitation for 24 hours. The insoluble fraction was separated from the 
soluble fraction by centrifugation at 4000rpm (3452g) for 15 minutes. Guanidine 
incubation and centrifugation were repeated for the remaining sample. The supernatants 
were pooled and stored at 3°C. 
1.8.1 Extraction of intracrystalline protein 
The remaining sample was incubated in ethylene diamine tetra acetic acid (EDTA), with 
proteinase inhibitors (20% EDTA, 50mM Tris, 2.5mM Benzamidine-HCL, 50mM N-
ethylmaleimide, 1 mM Phenyl methyl sulphonyl fluoride), buffered to pH 7.4 under 
constant agitation for up to 5 days. The insoluble fraction was removed by centrifugation 
at 4000 rpm (3452g) for 15 minutes and the supernatant stored at 3°C. 
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2.8.3 Purification of intercrystalline and intracrystalline protein 
The supernatant obtained from both the intercrystalline and intracrystalline fractions was 
concentrated and residual GnHCI and EDT A removed by filtration through a Minitan TM 
tangential flow ultrafiltration system (Cusack et al.~ 1992). Both fractions were filtered 
using 10kDa cut off filters. Both samples were further concentrated through Centriprep TM 
concentrators with 10kDa cut off filters under centrifugation at 3000 rpm (1942g) for 20 
minutes, and through Microcon filters also with 10kDa filters under centrifugation at 
10,000 rpm (8161.4g) for 15 minutes. 
2.8.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS 
PAGE) 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) involves the 
separation of proteins based entirely on their molecular weight. One-dimensional 
discontinuous SDS PAGE was used to analyse the proteins from the four biomineral 
systems using a modification of the method described by Sch~gger and Von Jagow (1987). 
Acrylamide is crosslinked by the compound N, N'-methylene-bis-acrylamide (Bis-
acrylamide) producing a mesh that acts as a "molecular sieve". The pore size of the gel 
mesh is controlled by the concentration of both acrylamide and Bis-acrylamide. 
Polymerisation is initiated by ammonium persulphate (APS) and catalysed by the addition 
of Tetramethylethane (TEMED). Fifteen percent polyacrylamide gels were prepared as 
described in Table 2.1. In some instances 20% gels were used in order to improve the 
resolution of low molecular weight proteins. Stacking gels were prepared as described in 
Table 2.1. 
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Reagent Resolving Gel Resolving Gel Stacking Gel 
(150/0) (20%) 
AcrylamidelBis 3.6ml 4.8ml 0.42ml 
Gel Buffer 3.3ml 3.3ml 1ml 
Glycerol 1ml 1ml nla 
Milli Q 2.1ml 0.9ml 2.53ml 
APS 75J.11 75J.11 40J.11 
TEMED 7.5J.11 7.5J.11 7.5J.11 
Table 2.1 Solution composition for 20%,15% gels and stacking gels for SDS 
PAGE 
For each sample, the concentrated protein mixture was heated with sample buffer (Tris 
buffer (50mM), SDS (4% w/v), Glycerol (12% w/v), p-Mercaptoethanol (2% w/v), 
Bromophenol blue (0.0002% w/v) at 1000e for 4 minutes. Sodium dodecyl sulphate is a 
denaturing detergent that binds to proteins in a ratio of l.4g SDS per gram polypeptide 
(Andrews, 1986). The charge on the polypeptide is overcome by the large negative charge 
on the SOS resulting in a constant charge to mass ratio. Protein separation through the gel 
is therefore based solely on protein size. 
The molecular weights of proteins of known molecular weight (standards) are presented in 
Table 2.2. The volume of sample buffer mixture loaded onto the gel differed according to 
the protein concentration within the sample, which was estimated from UV spectroscopy 
using A280nm of 1.0 for Img/mL protein. For 15% gels, a voltage of 60V was applied 
across the gel for three hours, the same voltage was applied for five hours to 20% gels. 
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Un tained Protein Full Range (M.wt) Protein ~ow M.wt Protein Protein 
66 250 44 
45 160 29 
36 105 20 
29 75 14 
24 50 5 
20 35 2 
14 30 
25 
15 
10 
Table 2.2 Molecular weight (M. wt) of protein of known molecular weight 
( tandard ) u ed for D PAGE (expre ed in kDa) 
The molecular weight of the unknown protein ar determined from a calibration curve of 
th lectrophor tic m bilit CRt) a a fun tion or the log molecular weight of the proteins 
of known mole ular weight CFigur 2.4). 
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1.8.5 Coomassie Brilliant Blue Staining 
Proteins were fixed and revealed by staining overnight in a solution of Coomassie Brilliant 
Blue (Coomassie Brilliant Blue (0.5% w/v), methanol (30% v/v) and acetic acid (10% 
v/v». Gels were then incubated in de stain solution (methanol (30 % v/v) and acetic acid 
(10% v/v» to remove background staining. 
1.8.6 Silver Staining 
Silver staining provides a more sensitive staining technique than Coomassie Blue staining 
and is able to detect around Ing of protein (Hames and Rickwood, 1990). Following 
staining with Coomassie Blue, the gels were rinsed in Milli QTM water for 30 minutes and 
incubated in DTE solution (0.0005% w/v) for 30 minutes followed by silver solution (0.2% 
w/v) for 30 minutes. Gels were agitated in developer solution (Na2C03.10H (0.8% w/v), 
formaldehyde (0.05% v/v» until staining took place. To stop staining, gels were incubated 
in an aqueous solution of acetic acid (1 % v/v) for 10 minutes. 
1.8.7 Acridine Orange Staining 
Acridine orange can be used to detect sulphated macromolecules e.g. sulphated sugars in 
polyacrylamide gels. The staining protocol was carried out as described by Dauphin et al., 
(2003a). Gels were incubated in a fixing solution of methanol (40%) and acetic acid (10%) 
for 30 minutes, followed by a stain solution of Acridine orange (0.02 %) in a solution of 
5% methanol for 30 minutes. Gels were rinsed in Milli Q ™ water and de stained in a 
solution of 25% ethanol and 7% acetic acid. 
1.8.8Isoelectric Focusing 
Isoelectric focusing can be used to separate proteins based on their overall charges. The 
method is similar to gel electrophoresis in that a gel medium is used to separate the protein 
components of the sample. For isoelectric focusing the gel contains ampholytes, which are 
necessary to establish a pH gradient across the gel. By applying a voltage across the gel 
the amphyolytes migrate to either the anode or the cathode depending on whether they are 
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acidic or basic. The point at which they stop is dependant on their pI value i.e. the pH at 
which they are neutral. 
Isoelectric focusing (lEF) was undertaken in the Biology Department, University of York. 
Gels were prepared in accordance with Table 2.3. Isoelectric focusing (IEF) was carried 
out using a Biorad III IEF cell. The standards and samples were loaded on to the gel using 
a guide. Two sets of standards were used, a broad range set of standards (PH3-10) and a 
low range set of standards (pH2.5-6.S). Six samples were loaded onto the gel (mussel 
aragonite, mussel calcite, eggshell, total mussel, T. retusa and N anomala EDTA extracts). 
An initial voltage of IOOV was applied for 15 minutes to set up a pH gradient across the 
gel. The voltage was increased to 200V for 15 minutes and finally 4S0V for one hour. On 
application of a voltage across the gel the proteins migrate towards the point where the pH 
is equal to their pI (i.e. protein net charge=O). The gel was then washed with a fixer 
solution (17.3g Sulphosalicylic acid, 57.5g Trichloroacetic acid (TCA» for 30 minutes, 
stained with a solution ofCoomassie Brilliant Blue (O.92g Coomassie Brilliant Blue/800ml 
destain solution) and placed in a destain solution (SOOml ethanol and 160ml acetic acid). 
The protein samples were compared to the protein standards with known isoelectric points. 
Reagent Concentration 
Ampholine O.5ml 
Glycerol O.Sml 
Acrylamide 135ml 
Water 7.65ml 
Ammonium persulphate (APS) 42J.11 
Tetramethylethane (TEMED) 7~1 
Table 2.3 Solution composition for IEF gels 
2.9 Amino Acid Analysis 
Amino acid analysis provided a comparison between the amino acid compositions of 
organic matrix proteins within the four systems. Before amino acid analysis can be carried 
out, the peptide bonds that link individual amino acids must be hydrolysed. In this case, 
manual vapour phase hydrolysis was used. 
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2.9.1 Manual Hydrolysis 
Shell samples were cleaned as described in Section 2.2, powdered and weighed. To 
determine the intracrystalline amino acid composition, samples were powdered, weighed 
and incubated in an aqueous solution of sodium hypochlorite (1 % v/v) for one hour. These 
samples were washed thoroughly with MilliQTM water until no bleach could be detected by 
smell. All samples were dissolved in an aqueous solution of HCI (2N), transferred to 
hydrolysis tubes and vacuum dried. The hydrolysis tubes were placed in hydrolysis vials 
containing 500fll HCI (6N), purged with argon for 60 seconds and then sealed. Vials were 
heated at 165°C for one hour. The heated vials were vented in a fume cupboard to release 
the acid vapour and left to cool. Samples were then reconstituted in K3EDT A. 
1.9.1 Amino Acid Analysis 
The Applied Biosystems 420 Amino Acid Analyser employs the first stage of the Edman 
degradation sequence (described in Section 2.10.2) for derivatization. The free amino 
acids resulting from hydrolysis are tagged with phenylisothiocyanate (PITC) to produce 
phenylthiocarbamyl-amino acids (PTC-AA). This increases detection of the amino acids 
by UV absorbance at a wavelength of 254nm. In the case of the 420A Amino Acid 
analyser, the derivatization process is automated. 
1.9.3 Summary of Steps for Amino Acid Analysis 
The samples in aqueous solution are applied to glass frits. The derivatisation jaw clamps 
to each frit, individually delivering an aliquot of methanol containing K3EDT A. This step 
prevents any metal contamination that may interfere with the derivatisation process. 
Diisopropylethylamine (DIEA) vapour is delivered to the sample in order to neutralise any 
acid. PITC is delivered to the frit and derivatization takes place resulting in the production 
of PTC-AAs. The PTC-AAs are transferred to the transfer flask by aqueous buffer where 
they are mixed. The contents of the flask is delivered to the Model 130A for hplc 
separation of the derivatised amino acids. 
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2.10 N-terminal Sequencing 
2.10.1 Transfer of Protein to ProBlott Membrane 
Electroblotting enables the direct transfer of proteins from a polyacrylamide gel to a 
Polyvinylidine fluoride membrane (ProBlott membrane) for N-terminal sequencing. To 
transfer the proteins from the gel to a ProBlott membrane the gel was incubated in transfer 
buffer (CAPS buffer (iOmM, pH 11, methanol (10% v/v» for five minutes. The ProBlott 
membrane was dipped in methanol and rinsed in transfer buffer. The proteins were 
transferred using a BioRad Mini Transblot Electrophoretic Transfer Cell. A voltage of 
55V was applied across the cell for one hour. 
The Problott membrane was rinsed in Milli QTM water, dipped in methanol and placed in 
Coomassie Blue stain solution (Coomassie Brilliant B1ue-R (0.5% w/v), methanol (30% 
v/v), and acetic acid (10% v/v» for one minute. The membrane was then destained by 
rinsing in 50% methanol and allowed to dry. 
2.10.2 N-terminal Sequencing 
N-terminal sequencing was carried out using an Applied Biosystems Procise Edman 
Protein Sequencer at the University of Edinburgh, Proteomics Centre. This automated 
sequencer employs Edman Degradation Chemistry for protein sequencing (Figure 2.5). 
The Edman reagent, phenylisothiocyanate (PITC), reacts with the N-terminal amino acid to 
produce a phenythiocarbamyl derivative. Breakage of the peptide bond between the first 
and second amino acid results in the formation of a phenylhiodantoin derivative of the first 
amino acid. The phenylthiohydantoin derivative is then identified by high performance 
liquid chromatography (hplc). This process is repeated for the subsequent amino acids to 
determine the N-terminal protein sequence. 
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Figure 2.3 Edman degradation chemistry (from Murray et at., 2000) 
2.11 Calcium Carbonate Crystal Growth 
1.11.1 Kitano Protocol 
Calcite crystals were grown according to the Kitano Protocol (Kitano, 1962). Glassware 
was washed in hot soapy water, followed by 0.1% (v/v) HCI and rinsed with methanol. 
Between each stage, the glassware was rinsed with Milli QTM water. The reaction solution 
consisting of 2g CaC03/1itre Milli QTM water, was prepared in a 51 round bottomed flask 
and stirred rapidly. C02 gas was bubbled through the reaction solution for 1 'l2 hours. The 
solution was filtered through two filter papers into a conical flask to remove any residue, 
and C02 gas bubbled through for a further 30 minutes. In order to determine the optimum 
conditions for calcite growth, saturated calcium hydrogen carbonate solution was 
distributed in a well plate and the crystals left to develop under a range crystallisation 
times (24. 48. and 72 hours). 
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2.11.2 Calcite Grown in the Presence of Protein Extract 
Calcite crystals were grown in the presence of intracrystalline proteins that had been 
extracted from the four biomineral systems (Sections 2.8.1-2.8.3). Sodium phosphate 
buffer was removed from the intracrystalline/extrapallial fluid extracts by washing with 
Milli Q ™ water through Microcon TM filters. In order to determine the influence of 
intracrystalline/extrapallial fluid proteins on crystal growth in vitro, protein extracts were 
added to the saturated calcium hydrogen carbonate solution. The effect of sodium 
phosphate buffer on calcite growth was also determined by addition of 2).11 of buffer to the 
calcium hydrogen carbonate solution. 
A one centimetre diameter coverslip was placed in each well of a 25 well plate and covered 
with 1 ml of saturated calcium hydrogen carbonate solution. Protein extracts were added to 
each well. The concentration of each extract was dependant on the availability of 
intracrystalline/extrapallial fluid protein extracts (Table 2.4). The coverslips were removed 
after a period of 24 and 48 hours. 
Final Protein 
Volume of Protein 
Sample Concentration in Iml 
Solution Added 
reaction volume (fJglml) 
T. relusa 2,.11 of 0.8 J.Lg/J.Ll 1.6 
N. anomala 2).11 of 7.4 ).1g/ J.LI 14.8 
M edulis 2f·d of 8.8J.Lg/).11 17.6 
Extrapallial Fluid 2).11 of 1.6).1g/J.LI 3.2 
Eggshell 2J.LI of 0.8J.Lg/J.LI 1.6 
Table 2.4 Concentration of protein added to crystal growth solution 
The covers lips were air dried, attached to SEM stubs and gold-coated in order to examine 
crystal morphology using the SEM. The mineralogy was determined by X-ray diffraction 
using a Phillips PW 1050/35 X-ray diffractometer. The number and size of crystals in 
SEM images was determined using the computer software, Scion Image. 
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3.Ultrastructure and Minor and Trace Element 
Concentration 
3.1 Introduction 
Chemical analysis of modern and fossil carbonate shells is an important tool for both 
developing our knowledge of the processes involved in the formation of biominerals and 
increasing our understanding of evolutionary relationships between biomineral systems. 
By determining the chemical composition of various biomineral systems and the effect of 
elements on the growth and structure of the biomineral we can begin to understand some of 
the processes involved in carbonate biomineralisation. The question is complicated 
however due to the influence of a wide range of mineralogical, biological and 
environmental factors on the chemical composition of calcium carbonate biominerals. 
This chapter provides a detailed account of the crystal ultrastructure of T. refusa, N. 
anomala. M edulis and the avian eggshell (Gallus gallus) in relation to the distribution and 
concentration of minor and trace elements throughout each shell. The four systems 
described here display a range of crystal ultrastructures and two types of calcium carbonate 
polymorph since the shell of M edulis contains both calcite and aragonite. They have also 
been subjected to a range of environmental conditions during formation. The two 
brachiopods T. retusa and N. anomala were obtained from the same location and therefore 
have experienced the same water depth and temperature conditions. M edulis is 
commonly found in shallow coastal zones with warmer, higher salinity seawater conditions 
than those from which the two brachiopods were obtained. In contrast to the three marine 
systems the eggshell forms within a regulated, constant temperature environment. By 
analysing systems that comprise various forms of calcium carbonate with a range of 
ultrastructural motifs, it is possible to assess the range of variations in chemical 
composition or the extent to which chemical composition is constant despite differences in 
structure. 
The minor and trace element composition of each system was analysed quantitatively by 
electron probe. Three sets of spot analyses were carried out in a line perpendicular to the 
line of section for samples of each system. The data is presented both as line analyses 
across each shell and as scatter plots in order to determine if there are any relationships 
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between the concentrations of various elements within each system. Qualitative maps of 
element distribution in each system were produced by SEM. For some samples where 
more detailed elemental maps were required the maps were made using the electron probe. 
As discussed in Section 3.2.3 cathodoluminescence can provide valuable information on 
the presence of certain chemical elements. Therefore all four systems were analysed by 
optical cathodoluminescence and cathodoluminescence spectroscopy. 
3.2 Previous Work 
The skeletons of marine invertebrates are commonly composed of calcium carbonate, as 
either or both of the polymorphs, calcite and aragonite. The chemical composition of these 
skeletons has been of much interest due to the information that skeletal chemistry provides 
about the processes involved in biomineral formation. The use of shell chemistry to 
determine seawater palaeotemperatures has also been extensively investigated (Elderfield 
and Ganssen, 2000, Martin et al. 2002, Eggins et af., 2003 and Parkinson et af., 2005). As 
there are a number of biological and environmental factors that affect shell chemistry (e.g. 
temperature, growth rate and the composition of the mineralising medium), it is a complex 
task to determine the exact controls on the chemical composition of anyone individual 
organism. 
3.2.1 Magnesium 
Temperature is thought to be one of the main controls on the incorporation of magnesium 
in biogenic calcium carbonate (Mii and Grossman, 1994 and Dodd, 1967) and a positive 
relationship between seawater temperature and the concentration of magnesium in the 
calcium carbonate exoskeletons of a range of marine invertebrates has been identified 
(Lowenstam, 1961, Lea et aZ., 1999 and Dickson, 2002). The magnesium/calcium ratio of 
calcium carbonate skeletons has frequently been employed as seawater thermometer and 
palaeothermometer (Watanabe et aZ. 2001, Lear et af., 2002 and Lear et al., 2000). It is 
therefore important to establish if the temperature-related partitioning of magnesium is 
consistent between species. 
Foraminifera are both geographically widespread and biologically less complex than the 
Brachiopoda or the Bivalvia and have been of particular interest in determining the 
controls on calcification and the uptake of minor and trace elements. A positive 
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exponential relationship between magnesium and temperature has been described for both 
benthic and planktonic foraminifera (Rosenthal et al.1997, Numberg et al. 1996 and Lea et 
at. 1999), and a number of studies have attempted to use this relationship to determine past 
seawater temperatures (Martin et a/., 2002, Elderfield and Ganssen, 2000 and Lear et a/., 
2000). The positive correlation between water temperatures and magnesium 
concentrations has also been described for the carbonate skeletons of more complex taxa. 
Lowenstam (1961) identified an increase in the magnesium content of recent brachiopod 
shells with increasing water temperatures, while Mii and Grossman (1994) also found 
evidence for a positive trend between magnesium and temperature in a well preserved 
fossil specimen of Neospirifor. A positive relationship between temperature and 
magnesium content has also been found in some species of echinoderm (Dickson, 2002). 
The relationship between temperature and the magnesium concentration of carbonates is 
however complicated by a number of physical factors including the effect of salinity 
(Dodd. 1967) and the effect of the size and charge of the magnesium ion on lattice 
partitioning in different CaC03 polymorphs (Rosenberg, 1990), and also biological factors 
such as the organism's rate of growth throughout ontogeny (Buening and Carlson, 1992). 
Seawater chemistry alone cannot explain the magnesium content of marine carbonate 
skeletons as many organisms have skeletons whose magnesium content differs from that 
predicted from distribution coefficients. In particular, brachiopods live in habitats where 
fluctuations in seawater chemistry are insufficient to account for measured variations in 
shell chemistry (Mii and Grossman, 1994). The eggshell of the domestic fowl, Gallus 
gal/us is precipitated in a constant temperature environment and so if temperature were the 
sole control on partitioning, magnesium concentration should be constant throughout the 
eggshell. However the concentration of magnesium varies through the eggshell, which 
suggests that it is not a simple relationship between the MglCa ratio and temperature, while 
other factors may also be involved in controlling the magnesium content of the eggshell 
(Cusack et al., 2003). 
Incorporation of magnesium ions into the calcite mineral lattice inhibits crystal growth 
(Davis et 01., 2000, de Leeuw, 2002 and Wilbur and Bernhardt, 1984). Many organisms 
exhibit MglCa ratios that are different to values predicted from the composition of the 
seawater within which the organism lived (Rosenberg, 1990). It has been suggested that 
many organisms employ mechanisms for controlling the uptake of magnesium from 
seawater, thus limiting the inhibiting effect of magnesium. Lorens and Bender (1977, 
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1980) identified a physiological mechanism in the mussel M edulis, which allows the 
organism to exclude magnesium from the extrapallial fluid. Tests of the planktonic 
foraminifera Globigerinoides sacculiftr are undersaturated with magnesium with respect to 
predicted values (Nurnberg et al., 1996). They suggest that foraminifera are therefore 
capable of controlling their uptake of magnesium to some extent. However the 
physiological processes that ultimately control the uptake of magnesium are temperature 
controlled. 
Mg/Ca ratio may determine the polymorph of calcium carbonate and influence the 
morphology of the crystals that are formed (Meldrum and Hyde., 2001, Kitamura, 2001, 
Loste et al., 2003). Evidence from in vitro studies suggests that the precipitation of 
aragonite and high magnesium calcite is favoured by the presence of Mg2+ (Kitano and 
Hood, 1965). Alternations in the Mg/Ca ratio of seawater caused by fluctuations in the 
spreading rate of midocean ridges may have resulted in the transition between calcite and 
aragonite seas through the Palaeozoic (Hardie, 1996, Stanley et al., 2002). Stanley et al., 
(2002) suggest that simple marine invertebrates which precipitate aragonite or high 
magnesium calcite skeletons in the modem aragonite sea may in fact have produced low 
magnesium calcite skeletons in past calcite seas when the Mg/Ca ratio of the seawater was 
low. The simple relationship between the Mg/Ca ratio of the fluid and the resulting 
mineralogy of abiotic calcium carbonate has however, been questioned (Given and 
Wilkinson, 1985), while Blackwelder et al., (1976) found that in the case of the coccoliths 
of the coccolithophorid Cricosphaera cartarae the calcium carbonate polymorph produced 
is not solely dependent on the concentration of magnesium in solution. 
3.2.2 Strontium 
Within abiotic calcium carbonate systems, the concentration of strontium within calcite 
may relate to the precipitation rate of the mineral, where an increase in the distribution 
coefficient of strontium occurs with increased precipitation rate (Lorens, 1981, Major and 
Wilber, 1991). An increase in precipitation rate also leads to an increase in the strontium 
content of biotic calcite (Lea et aI., 1999). A positive relationship between the 
calcification rate and the concentration of strontium within calcite tests of benthic 
foraminifera has been identified (Lea et al., 1999, Rathburn and De Deckker, 1997 and 
Elderfield el al., 1996). If the incorporation of strontium into the tests of benthic 
foraminifera is kinetically controlled then the composition of the test may be indirectly 
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linked to factors such as temperature and water depth/C02 levels which influence the rate 
of calcification (Elderfield et 01., 1996). The controls on strontium incorporation into 
aragonite may be different than those associated with strontium incorporation in calcite. 
The potential application of Sr/Ca ratios in the calcium carbonate skeletons of marine 
invertebrates as environmental indicators has gained much attention (Stoll et 01., 2002, 
Vander Putten, 2000 and Stecher III et 01., 1996). Strontium thermometry is based on the 
inverse relationship between water temperature and the Sr/Ca ratio of aragonitic coral 
skeletons (Beck et 01., 1992 and Weber, 1973). A correlation between strontium 
concentration and water temperature has also been identified in other species. Reichart et 
01., (2003) identified a positive correlation between water temperature and the 
concentration of strontium in the tests of Hogelundina elegans. Stecher III et 01., (1996) 
suggested that the Sr/Ca ratio in the aragonite layers of the shells of two molluscs, 
Mercenaria mercenaria and Spisula solidissima is kinetically controlled, as low Sr/Ca 
ratios in the shells of both molluscs correlate with periods of slow growth. 
The influence of precipitation rate on the Sr/Ca ratio of some calcite biomineral systems 
has been questioned. Klein et 01. (1996) found that the Sr/Ca ratio of the bivalve mollusc 
Mytilus trossulus (Mytilus edulis) is primarily controlled by the metabolic activity of the 
mantle and secondarily by salinity, while the shell growth rate had little effect on the 
strontium concentrations. Lorens and Bender (1980) also found no evidence of a 
relationship between Sr/Ca ratio and growth rate in the shell of Mytilus edulis but found 
that the Sr/Ca ratio in both the calcite and aragonite layers of the bivalve shell varied 
linearly with the Sr/Ca ratio in artificial seawater solutions in which the mussels were 
grown. Hockett el aJ., (J 997) also found a linear relationship between the incorporation of 
strontium into the calcium carbonate shells of barnacles and the concentration of strontium 
in artificial seawater. In comparison Vander Putten et 01., (2000) found that the variations 
in Sr/Ca ratios found in the calcite layer of specimens of M edulis could not be explained 
simply in terms of the ratio of Sr/Ca in solution, while they also found no evidence for a 
correlation between Sr/Ca and temperature. 
3.2.3 Cathodoluminescence 
Cathodolminescence (CL) is the emission of photons from a material due to bombardment 
with electrons. In geosciences, cathodoluminescence is commonly used for analysing the 
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texture and chemical composition of rock samples. Certain chemical elements act as 
luminescence activators (e.g. Mn), while others act as luminescence quenchers (e.g. Fe). 
The wavelength of the light emitted is dependent on both the activator element and the 
identity of the mineral in which it is present. Manganese is the most common activator in 
carbonates, while Fe2+ is the main quencher (Marshall, 1988). The colour of luminescence 
produced in the presence of manganese differs between calcite and aragonite. In calcite Mn 
produces an orange-red luminescence while aragonite luminesces green (Sommer, 1972). 
The intensity of luminescence also varies with the concentration of the activator element, 
although the concentration of manganese that is needed to activate luminescence in calcite 
is poorly known. For biogenic carbonate, Richter and Zinkemagel (1981) found that a 
minImum manganese concentration of 20-40ppm IS necessary for visible 
cathodoluminescence, while Mason and Mariano (1990) suggest that the activation 
concentration may be as low as 1 Oppm. Habermann et al., (1998) suggest that caution is 
required as a sample may still emit luminescence which is not visibly detectable even with 
very low Mn concentrations. 
In palaeontology, cathodoluminescence has principally been used to assess the extent of 
diagenesis in fossil samples (Samtleben et al., 2001, Popp et al., 1986). It had been 
previously thought that recent biogenic carbonates do not luminesce and thus fossils that 
luminesce have been diagenetically altered. However, recent work has shown that modem 
carbonate skeletons also luminesce and the potential application of cathodoluminescence 
for the study of recent carbonate shells has been recognised (Barbin, 1991). 
Many carbonate shells comprise growth increments between which the chemical 
composition varies (Lowenstam, 1961, Dodd, 1967, Rosenberg and Hughes, 1991, Barbin, 
1992). Luminescence emission may therefore reflect these variations where the 
concentration of activator elements is above the detection limit (Barbin, 1992). Barbin et 
al., (1991) detected cathodoluminescence in a range of marine and freshwater organisms. 
In most cases, manganese was the principal activator and the colour of luminescence 
produced was related to the mineral in which it occurred. Orange luminescence was 
detected from the calcite layers of the molluscs, Pecten maximus, Ostrea edulis and 
Mytilus edulis. The aragonite layers within P. maxim us and M edulis were non-
luminescent while faint green CL bands were apparent in Ostrea edulis. 
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Cathodoluminescence spectroscopy quantifies the information recorded by optical CL. 
The spectrum produced provides infonnation on the intensity and wavelength of CL that is 
emitted. CL-spectroscopy is a relatively new method for analysis of biogenic carbonates 
and, as such, the data available for various species is limited. Barbin et al., (1995a) report 
the CL spectrum determined from the cephalopod Nautilus pompilus in which an emission 
band resulting from manganese substitution in aragonite is present at 540nm and a band 
related to intrinsic emission is present within the blue range of the spectrum. For the 
cephalopod Nautilus macromphalus, the main emission was in the blue range of the 
spectrum. 
3.3 Results 
3.3.1 Terebratulina retusa Ultrastructure and Minor Elements 
3.3.1.1 Ultrastructure 
The Terebratulina retusa shell has three layers; an outer organic periostracum, underlain 
by a primary layer of acicular calcite and an inner secondary layer composed of calcite 
fibres (Figure 3.1). The primary layer is approximately 25f..Ull thick and has a sharp 
boundary with the fibrous secondary layer, which is 350f.1lI1 thick. The interlocking fibres 
ofthe secondary layer show blunt terminations as illustrated in Figures 3.2 and 3.3. 
Transmitted light images of thin sections of T. retusa are presented in Figures 3.4 and 3.5. 
The primary and secondary layers of the shell are distinct in both plane polarised light 
(PPL) (Figure 3.4) and cross-polarised light (XPL) (Figure 3.5), with punctae extending 
through both the primary and secondary layers (Figure 3.4). Both images indicate that the 
secondary layer has two distinct regions, which are not resolved in SEM images (Figures 
3.1 and 3.2). 
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Figure 3.1 Secondary electron image of the primary (PL) and 
econdary (SL) layers of Terebratulina retusa 
'EM image of a fractured cross section of a specimen of T. 
retusa The outer part of the shell, the primary layer (P L) is to 
the top of the image. 
Figure 3.2 ecoodary electron image of the primary (PL) and 
econdary (SL) layers of Terebratulina retusa 
EM image of a fractured cross section of a specimen of T. 
retu a The image hows the blunt terminations of the secondary 
layer fibre . 
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Figure 3.3 econdary electron image of the secondary layer 
fibres of Terebratulina retusa 
EM image of a pecimen of T. retusa illustrating the blunt 
terminations of the econdary layer fibres. 
ure 3.4 Plane-polari ed transmitted light image of 
Terebratulina retusa in thin section 
The primar), layer (P L) i di tinct from the econdary layer (: L). 
A div; ion between the upper (. L1) and lower (SL2) region of 
til econdary layer i al 0 apparent. 
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Figure 3.5 Cross-polarised light image of Terehratulina retusa in 
tbin section 
The primary layer (PL) is distinct from the secondary layer (SL). A 
divi ion between the upper (SLI) and lower (SL2) regions of the 
econdary layer is also apparent. 
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3.3.1.2 Minor Element Composition-Electron Mi~roprobe Analysis 
Electron microprobe analyses of magnesium, sulphur, strontium and sodium across the 
primary and secondary layers of three specimens of T. retusa are presented in Figure 3.6 
(a-c). Magnesium, sulphur, strontium and sodium are all above the limit of detection. For 
T. retusa, manganese, iron, potassium and phosphorus are below the limit of detection and 
are therefore not discussed. As some elements may be present in different phases within 
the shell e.g. magnesium (MgC03) in the crystalline phase and sulphur within the organic 
matrix, data are expressed as wt«'110 element (carbonate weight percentage data is provided 
in the Appendix). Results are summarised in Table 3.1. 
MgCon~. SrCon~. NaCon~. S Con~. Figure 
Specimen Layer 
Range Range Range Range No. 
(wt%) (wt%) (wt%) (wt%) 
a Primary 0.99-1.54 0.12-0.15 0.16-0.17 0.26-0.30 3.6a 
a Secondary 0.15-0.89 0.08-0.16 0.10-0.16 0.13-0.33 3.6a 
b Primary 0.28-0.75 0.13-0.15 0.16-0.16 0.21-0.33 3.6b 
b Secondary 0.12-0.34 0.08-0.16 0.11-0.18 0.10-0.24 3.6b 
c Primary 0.26-0.70 0.11-0.16 0.19-0.21 0.21-0.31 3.6c 
c Secondary 0.17-0.47 0.08-0.14 0.16-0.19 0.15-0.23 3.6c 
Table 3.1 Summary of electron mi~roprobe results for T. retusa 
The results displayed in Table 3.1 summarise the concentration range (i.e. the lowest 
concentration to the highest concentration) of Mg, Sr, Na and S in the primary and 
secondary layers ofT. retusa. 
The boundary between the primary and secondary layers of T. retusa is marked by distinct 
changes in shell chemistry. The concentration of magnesium is greater in the primary 
layer of T. retusa than the secondary layer. Magnesium reaches a maximum of 1.54, 0.75 
and 0.70 wt«'110 respectively in the primary layers of specimens a, band c (Figure 3.6a-c and 
Table 3.1). In all cases there is an abrupt decrease in magnesium concentration across the 
primary/secondary layer boundary. Within the secondary layer there is some variation in 
the distribution of magnesium between samples. Data for the specimen a displays an 
abrupt increase in magnesium concentration in the upper secondary layer (SL 1), i.e. around 
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100JllIl into the secondary layer (Figme 3.6a), which is not present in the other two 
specimens. Specimen b contains a greater concentration of magnesium in the upper region 
of the secondary layer (SL 1) compared to the lower region of the secondary layer (SL2) 
(Figure 3.6b). All three samples exhibit an increase in magnesium concentration at the 
innermost shell surface, albeit poorly defined for the sample in Figure 3.6(b). 
Sulphur and strontium also display a similar pattern of higher concentrations in the primary 
layer in comparison to the secondary layer. Sulphur attains a maximum concentration of 
0.3 wfO/o in the primary layer of each of the three specimens (Figure 3.6a-c and Table 3.1). 
Strontium reaches a maximum concentration of 0.16wt% in the three specimens (Figure 
3.6a-c and Table 3.1). Sodium attains a maximum concentration of 0.17 wt% in specimen 
a, 0.18wt% in specimen b and 0.21wt % in specimen c (Figure 3.6a-c and Table 3.1). 
One-way ANOV A was carried out on nine sets of analyses from three specimens of T. 
retusa in order to determine if there is a significant difference in the concentration of all 
four elements between the primary and secondary layers. Figure 3.7 (a-e) presents 
boxplots of element concentration as a function of the shell layer. Each box represents the 
inter-quartile range of the data set, while the mean value is displayed as a red circle. The 
concentration of magnesium (P value 0.001), sulphur (P value 0.000), calcium (P value 
0.018) and strontium (P value 0.002) varies significantly between the two shell layers. 
Sodium concentration (P value 0.228) is not significantly different between the primary 
and secondary layers. 
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Figure 3.7 (a-e) Boxplots of element ooncentration in the primary and seoondary layers of T. retusa 
The mean element concentration values for the primtlry and secondary layers for nine sets of analyses from three specimens ofT. 
retusa were analysed using ANOVA to determine if there is a significant difference in element concentration between the primary 
and secondary layers of the shell. Each box represents the interquartile range (lQR) of the sample set (i.e. Q1-Q3). Top and 
bottom whiskers extend from the box to the highest and lowest values within Q1 + 1. 5 *IQR.. Values outlying the range of the 
whiskers are marked as stars (-y. Mean values are displayed as red circles. 
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Chapter 3 Ultrastructure and Minor and Trace Element Composition 
The distribution of elements in T. retusa (Figure 3.6) implies that there is a positive 
correlation between magnesium, sodium and sulphur concentration. Scatter plots of 
element concentration in the primary and secondary layers of T. retusa are presented in 
Figures 3.8 (a-j). Each graph contains data from ten sets of analyses taken across the 
primary and secondary layers of three specimens of T. retusa. Pearson correlation 
coefficients are shown in Table 3.2. 
In the primary and secondary layers the correlation coefficient between sulphur and 
magnesium is similar. There is a positive correlation between sulphur and strontium, 
sulphur and sodium and between strontium and sodium in both layers of the shell however 
the positive trend is stronger in the primary layer in each case. There is a weak negative 
correlation between calcium and magnesium in the primary and secondary layers, and 
between calcium and sulphur in the secondary layer. 
T. retusa Primary Layer Se~ondary Layer 
Variables Correlation P-value Correlation P-value 
Coem~ient Coem~ient 
S/Sr 0.751 0.000 0.350 0.000 
SINa 0.562 0.003 0.415 0.000 
MglSr 0.377 0.057 0.339 0.000 
MglS 0.601 0.001 0.669 0.000 
MglNa 0.218 0.284 0.288 0.000 
CalNa 0.053 0.797 -0.170 0.009 
Ca/Mg -0.432 0.027 -0.276 0.000 
CalS 0.062 0.765 -0.351 0.000 
Ca/Sr 0.311 0.122 0.066 0.312 
SrINa 0.759 0.000 0.367 0.000 
Table 3.2. Pearson ~orrelation ~oem~ients with P-values for element 
~on~entration in the primary and s"ondary layers of T. retusa 
Pearson correlation coefficients were calculated to determine the linear 
relationships between element concentrations in the primary and secondary layers 
ofT. retusa. Values close to 1 indicate a strong positive linear correlation. 
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Figure 3.8 (a-j) Scatter plots of element concentration in the primary and secondary layers of Terebratulina retusa 
The concentration olminor elements in the primary and secondary layers of three specimens ofT. retusa was analysed by 
electron microprobe as described in Section 2.6.2. The data from three sets of electron microprobe analysesfrom each 
specimen are plotted in order to determine any relationships between elements present within the shell. 
05 S (wt"Io) • Pnmary Layer 
04 
03 
02 
0 .1 
00 
Sr (wt"Io) 
0.0 0.1 0.2 
a 
2 .0 Mg (wt"/.) • Primary Layer 
o Secondary Layer 
1.5 • 
0 
•• ft 
1.0 
0.5 
0 .0 I Na (wt%) 
0.0 0 .1 
e 
0.2 0.3 
45.0 Ca (wt%) 
40.0 J 
35.0 ., 
0.5 S (wt"Io) 
04 
0.3 
02 
0.1 
0 .0 
0.0 
b 
45.0 
40.0 
35.0 
30.0 
f 
o 
o 
Ca (wt"/.) 
0.0 
• 
30.0 ~---~-
0.0 0.1 
2.0 Mg (wt"Io) • Primary Layer 
o Secondary Layer 
1.5 • 
0 
• dI' 1.0 • • ~rf10C • 0.5 
" 0 
Na (wt"/.) 
0.0 
~-- Sr(wt%) 
0.1 0 .2 0.3 0.0 0.1 0.2 
c 
• Primary Layer 45.0 Ca (wt"/.) • Primary Layer 
o Secondary Layer o Secondary Layer 
40.0 
~ .. 
o I «"" 0 • 35.0 1 
• • 
o 0 
o 
Na (wt%) 
0 
30.0 
Mg(wt%) 
2.0 Mg (wt%) 
1.5 
1.0 
0.5 
0.0 
0.0 0.1 
d 
45.0 Ca (wt"/o) 
40.0 
35.0 
o 
o 
0.2 
• 
o 
S(wt%) 
0 .3 0.4 
• Primary Layer 
o Secondary Layer 
o 
o 
30.0 I S (wt%) 
0.1 0.2 0.3 0.0 0.5 1.0 1.5 2.0 0.0 
h 
0.1 0.2 0.3 0.4 0.5 
• Primary Layer 
o Secondary Layer 
• 
• 
0.2 
Sr (wt%) 
0.3 
g 
0 .3 Sr(wt%) • Primary Layer 
o Secondary Layer 
0.2 
0.1 
0.0 +---
Na(wt%) 
0.0 0.1 0.2 0.3 
j 
Chapter 3 Ultrastructure and Minor and Trace Element Composition 
Figure 3.9 a-d) pre ent X-ray maps of magnesium, sulphur, odium and strontium in a 
specim n of T. retu a. X-ray maps of magnesium, sulphur and calcium distribution 
produced u ing th electron probe are pre ented in Figure 3.10 (a-c). The difference in 
magn ium and sulphur concentration between the primary and secondary layers is 
illu trated in Figur 3.9 a and band 3.10 a and b. These maps clearly indicate that there is 
a higher concentration of magne ium and sulphur in the primary layer of the shell. The 
map al 0 di pIa related region of high concentration of magnesium and sulphur, which 
ext nd from th primar layer into the secondary layer. Figure 3.1 O( c) indicates that the 
am regIon of th hell, which have a high magnesium and sulphur content, are depleted 
in calcium. 
ur 3.9 (a-d) -ray map of element concentration in Terebratulina 
retusa acquired by EM 
a. Mgka. b. ka, c. aka, d. rka For each map light grey areas indicate a 
greater elem nl concentration while dark grey areas indicate lower element 
conc nlration. 
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" 
Intl'rior c 
igur 3.1 0 (a-c) -ray map of element concentration in Terebratulina 
retu a acquired by electron probe 
a. Magne ium. b. ulphur. c. a/cium. For each map, light grey area 
indicate a greater element concentration while dark grey areas indicate 
lower element concentration. 
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3.3.1.3 Cathodoluminescence Spectroscopy 
T retu a i optically non-luminescent but luminesces blue when studied by CL-
spectro cop (Figure 3.11 a and b). Both the wavelength and intensity of luminescence is 
con istent across the shell (Figure 3.11a). Dark blue/black areas of the map are areas of 
the ample that have been damaged by the electron probe. 
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Figure 3.11 (a) Hyper pectral image showing the intensity and wavelength of 
L emi ion from a pecimen of Terebratulina retusa, (b) CL 
emi ion pectrum acquired from Terebratulina retusa 
L :pectroscopy}t a carried out as described in Section 2.6.5. The image and 
pectrutn were produced u ing the ofiware, CHIMP. The red cross in Figure 
3.1 J (aJ marks the point from which the spectrum was obtained. Units on the Y 
axi o/the L pee/rum (Figure 3.11 b) are arbitrary. 
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3.3.2 Novocrania anomala Ultrastructure and Minor Elements 
3.3.2.1 Ultrastructure 
The N. anomala shell has three layers; an outer organic periostracum, a primary layer 
consisting of acicular calcite and a secondary layer composed of calcite semi nacre (Figure 
3.12). The shell also contains punctae (Figure 3.13), which branch at the terminus 
(Williams and Wright, 1970). The primary layer of the shell is composed of needle-like 
crystals, each of which is orientated at 45° to the isochronous surfaces within the primary 
layer (Williams and Wright, 1970). The secondary layer is formed from calcite semi-
nacre. Semi-nacre exhibits a laminar structure similar to that of aragonite nacre, which is 
characteristic of mollusc shells. However semi-nacre differs in that it is composed of 
calcite rather than aragonite and has fewer screw dislocations (Weedon and Taylor, 1995). 
Steps form on the lattice surface due to dislocation of the lattice planes, the steps rotate 
producing a spiral growth pattern resulting in the formation of both left and right screw 
dislocations (Figure 3.14). 
A transmitted light (plane polarised light) image is presented in Figures 3.15, in which the 
boundary between the primary and secondary layer and the laminar structure of the 
secondary layer are evident. 
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Figure 3.12 econdary electron image of the primary (PL) and 
econdary ( L) layer of Novocrania anomala 
EM image oj a fractured ection oj a pecimen oJN. anomala. 
Fi ure 3.13 econdary electron image of the inner surface of the 
heU of Novocrania anomala 
EM image of aJractured ection of a pecimen oJN. anomala 
Pzmctae (P) . 
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Figure 3.14 econdary electron image of screw dislocations (SD) in 
the econdary layer of Novocrania anomala 
EM image of a fractured ection of a specimen of N anomala. 
Figure 3.15 Transmitted light image of Novocrania anomala in 
tbin section 
Th primary layer (P L), secondary layer (SL) and punctae (P) are 
e\ ident in thin eclion. 
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3.3.2.2 Minor Element Composition-Electron Microprobe Analysis 
Electron microprobe analyses of magnesium, strontium, sodium and sulphur across the 
shells of three individuals of N. anomala are presented in Figure 3.16. Manganese, iron, 
potassium and phosphorus were all below the limit of detection of the SX 50 electron 
microprobe and are therefore not discussed. Results are summarised in Table 3.3. 
MgConc. SrConc. Na Conc. S Conc. Figure 
Specimen Layer 
Range Range Range Range No. 
(wt%) (wt%) (wt%) (wt%) 
a Primary 2.09-2.76 0.21-0.22 0.20-0.28 0.28-0.31 3.16a 
a Secondary 1.90-2.65 0.18-0.25 0.15-0.23 0.25-0.44 3.16a 
b Primary 1.90-2.36 0.26-0.28 0.14-0.17 0.31-0.32 3.16b 
b Secondary 1.09-3.73 0.13-0.33 0.08-0.23 0.21-0.34 3.16b 
c Primary 2.37-2.41 0.22-0.26 0.17-0.19 0.26-0.27 3.16c 
c Secondary 2.20-2.68 0.22-0.27 0.15-0.28 0.19-0.29 3.16c 
Table 3.3 Summary of electron microprobe results for N. anomala 
The results displayed in Table 3.3 summarise the concentration range (i.e. the lowest 
concentration to the highest concentration) of Mg, Sr, Na and S in the primary and 
secondary layers ofN. anomala 
In contrast to T. retusa, N. anomala has a high magnesium calcite shell. Magnesium 
concentrations attain a maximum of 2.76, 3.73 and 2.68 wt% respectively in the three 
specimens of N. anomala presented in Figure 3.16 (a-c). Magnesium concentrations vary 
little across the shells and there is no detectable difference in concentration between the 
primary and secondary layers. Sulphur, strontium and sodium concentrations are also 
invariant across the primary and secondary layers of the shell. 
In common with data obtained for T. retusa, the mean values for the concentration of each 
element in the primary and secondary layers were analysed using ANOV A in order to 
detennine if there are any significant differences in concentration between the two layers. 
Results indicate that there is no significant difference in element concentration between the 
primary and secondary layers of the shell (Table 3.4). 
50 
Chapter 3 Ultrastructure and Minor and Trace Element Composition 
Element P-value 
Sulphur 0.785 
Magnesium 0.466 
Calcium 0.948 
Strontium 0.137 
Sodium 0.539 
Table 3.4 Results of Analysis of Variance for element concentration in the 
primary and secondary layen of Novocrania anomala 
Figure 3.17 (a-e) presents boxplots of element concentration as a function of the shell 
layer. Each box represents the interquartile range of each data set, the mean values are 
represented as red circles. For the elements discussed here the spread of data for the 
primary and secondary layers lie within the same range and therefore the concentration of 
elements in each layer is not significantly different. 
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Figure 3.18 displays scatter plots for data comprising three sets of analyses taken across 
the primary and secondary layers of three individuals of N anomala. Correlation 
coefficients are presented in Table 3.5. There is some indication of a positive correlation 
between calcium and magnesium and between calcium and strontium in the secondary 
layer. There is a negative correlation between calcium and sodium in the primary and 
secondary layers and between strontium and sodium in the primary layer. 
N. anoltlllla Primary Layer Secondary Layer 
Variables Correlation P-value Correlation P-value 
Coefficient Coefficient 
S/Sr -0.188 0.348 -0.377 0.000 
SlNa -0.375 0.054 -0.052 0.477 
MglSr 0.002 0.994 0.303 0.000 
MgIS -0.141 0.483 -0.158 0.029 
MglNa 0.322 0.102 -0.333 0.000 
CalNa -0.495 0.009 -0.363 0.000 
CalMg 0.100 0.619 0.464 0.000 
CalS -0.095 0.636 -0.240 0.001 
CalSr 0.487 0.010 0.436 0.000 
SrlNa -0.491 0.009 -0.180 0.014 
Table 3.5 Pearson correlation coefficients with P-values for element 
concentration in the primary and secondary layers of N. anollUlla 
Pearson correlation coefficients were calculated to determine the linear 
relationships between element concentrations in the primary and secondary layers of 
N. anomala Values close to 1 indicate a strong positive linear correlation. 
Figure 3.19 presents EDS maps of element concentration across a specimen of N. anomala. 
The maps concur with the data obtained from electron microprobe spot analyses (Figure 
3.16) in that there is no detectable difference in element concentration between the primary 
and secondary layers of the shell and little variation across the whole specimen. 
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Figure 3.18 (a-j) Scatter plots of element concentration in the primary and secondary layers of Novocrania anomala 
The concentration olminor elements in the primary and secondary layers olthree specimens ofN. anomala was analysed by 
electron microprobe as described in Section 2.6.2. The data from three sets of electron microprobe analyses from each 
specimen are plotted in order to determine any relationships between elements present within the shell. 
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Figure 3.19 X-ray map of element concentration in Novocrania anomala 
a. Mgka. b. ka, c. aka, d. aka A specimen ofN. anomala was prepared for 
analy i a de cribed in ection 2.6.1. Mapping W(1S carried out as described in 
eel ion 2.6. -I. For each map. light grey areas indicate a greater element 
concentration while dark grey areas indicate lower element concentration. 
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3.3.2.3 athodolumine cence IID2~n~ :md pectroscopy 
In optical L . anomala ha an orange-red emission (Figure 3.20), in contrast to T retusa. 
Th image al pick out th laminae that form the secondary layer. 
hyper pe tral map of lurnine cence from a specimen of N anomala differs from the 
optical L imag (Figure 3.21 a). The mo t intense emis ion is at blue wavelengths but the 
innermo t area f th condary la er ha a peak at between 600-650nm (Figure 3.21b), 
which pr duce the pink mi ion mi ed with the blue (Figure 3.21a) 
Figure .20 athodolumine cence image of Novocrania anomala 
A thin .. e lion oj a pecimen oj . anomala wa prepared as 
de .. cribed in eclion .5. The image wa captured a de cribed in 
, ec/ion ~ . 6 .. 
57 
Chapter 3 Ultrastructure and Minor and Trace Element Composition 
250 
200 
.. 150 
c: 
::I 
0 
u 100 
50 
0 
300 
( h ) 
400 500 600 
Wavelength (nm ) 
700 800 900 
Figure 3.21 (a) Hyperspectral image showing the intensity and wavelength of CL 
emi ion from a specimen of No vocrania anomala (b) CL emission 
pectrum acquired from Novocrania anomala 
athodolumine cence peclro copy was carried out as described in Section 2.6.6. 
The image wa produced u ing the o/lware, CHIMP. The red cross on the CL map 
corre ponds to the red line pectrum while the green cros corresponds to the green 
line pectrun1. Unit on the Yaxis 0/ Figure 3.21 (b) are arbitrary. 
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3.3.3 Mytilus edulis Ultrastructure and Minor Elements 
3.3.3.1 Ultrastructure 
The shell of Mytilus edulis has three layers; an outer organic periostracum and two inner 
mineralised layers (Figure 3.22). In contrast to the calcite shells of T retusa and N 
anomala. the mineralised layers of M edulis are composed of calcite and aragonite. The 
organic periostracum is composed mainly of sclerotised proteins and acts as a substrate for 
initial crystal nucleation (Watabe, 1988). The calcite layer comprises prisms that are 
oriented in the same direction and each is encased in organic matrix (Figure 3.23). 
Underlying the calcite are layers of tabular aragonite crystals (Figure 3.24 and 3.25). Each 
crystal is offset from the underlying crystal to form a "brick wall" structure. All the 
crystals are aligned with the c axis almost perpendicular to the inner surface while the 
orientation of the a and b axes vary (Watabe, 1988). 
Thin section photographs are presented in Figures 3.26 and 3.27. The calcite and aragonite 
layers and the boundary between the layers can be seen in both plane-polarised light and 
cross-polarised light images. 
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Figure 3.22 The periostracum (P), prismatic calcite layer 
(PC) and aragonite layer (A) of a specimen of 
Myti/us edulis 
econdary electron image of a fractured section of a specimen 
ofM. edulis. 
Figure 3.23 The prismatic calcite layer of Mytilus edulis 
econdary electron image of a fractured section of a specimen 
oiM. eduli . 
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Figure 3.24 Boundary between the prismatic calcite layer 
(PC) and aragonite layer (A) in Mytilus edulis 
econdary electron image of a fractured section of a specimen of 
M. edulis. 
Figure 3.25 ragonite layer of a specimen of Myti/us edulis 
econdary electron image of a fractured section of a specimen of 
M. duli . 
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Figure 3.26 Tran mitted light image of Mytilus edulis in thin 
ection 
alcite ( ') and aragonite (AJ layer are apparent in thin section. 
Red da hed line marks the boundary between the calcite and 
aragonite layers 
Figure 3.27 ro -polari ed light image of Mytillls edulis in 
thin ection 
alcile « ') and aragonite (AJ layer are apparent in thin section. 
Red da hed line marks the boundmy between the calcite and 
aragonite layer 
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3.3.3.2 Minor Element Composition- Electron Microprobe Analysis 
Electron microprobe spot analyses taken across the calcite and aragonite layers of 
specimens a and b of M edulis are presented in Figure 3.28 a and b respectively. Spot 
analyses were taken in a line perpendicular to the line of section. Magnesium, strontium, 
sodium and sulphur are all present in concentrations above detection limits. (Manganese, 
iron, potassium and phosphorus are below detection limits and therefore not discussed). 
Results are summarised in Table 3.6. 
MgConc. Sr Conc. Na Conc. S Conc. Figure 
Specimen Polymorph 
Range Range Range Range No. 
(wt%) (wt%) (wt%) (wt%) 
a Calcite 0.05-0.18 0.06-0.13 0.05-0.22 0.01-0.11 3.28a 
a Aragonite 0-0.04 0.07-0.32 0.19-0.24 0.01-0.06 3.28a 
b Calcite 0.06-0.16 0.04-0.14 0.19-0.30 0.03-0.11 3.28b 
b Aragonite 0-0.01 0-0.15 0.12-0.30 0.02-0.10 3.28b 
Table 3.6 Summary of electron microprobe results for M. edulis 
The results displayed in Table 3.6 summarise the concentration range (i. e. the lowest 
concentration to the highest concentration) of Mg, Sr, Na and S in the calcite and 
aragonite layers ofM. edulis 
There is a difference in chemical composition between the calcite and aragonite in M 
edulis. Magnesium concentrations are highest in the outer calcite layer (0.05 to 0.18 wt% 
and 0.06 to 0.16 wt% in specimens a and b respectively (Figure 3.28). The distribution of 
magnesium within the calcite layer varies between individuals, as is demonstrated by 
specimens a and b (Figure 3.28). 
The maximum concentrations of sodium are comparable between the calcite and aragonite 
layers. Sodium reaches a maximum of 0.22 wt% and 0.24 wt% respectively in the calcite 
and aragonite layer of specimen a (Figure 3.28a), and 0.30 wt% in the calcite and aragonite 
layers of specimen b (Figure 3.28b). In both specimens sodium concentration decreases 
across the calcite layer from the periostracum towards the polymorph boundary, while 
sodium concentration is relatively constant throughout the aragonite layer of the shell. 
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Analyses of specimen a indicate that strontium concentration is slightly greater in the 
aragonite layer than the calcite layer (Figure 3.28a) but this trend is not apparent in 
specimen b (Figure 3 .29b) where the concentration of strontium is constant across the shell 
section. There is no evidence for a significant difference in sulphur concentration between 
the calcite and aragonite. 
Figure 3.29 presents scatter plots of element concentration in M edulis from six sets of 
spot analyses taken across both specimens of M edulis. Correlation coefficients are 
presented in Table 3.7. Within the calcite layer there is a strong positive correlation 
between sulphur, strontium and sodium (Table 3.7). Magnesium and sodium display a 
negative correlation in the aragonite layer. There is a positive correlation between 
strontium and sodium in the calcite layer while there is a negative correlation in the 
aragonite layer (Figure 3.29j and Table 3.7). 
M. edulis Calcite Layer Aragonite Layer 
Variables Correlation P-value Correlation P-value 
Coefficient Coefficient 
S/Sr 0.608 0.000 0.204 0.219 
SINa 0.826 0.000 -0.220 0.185 
MI!ISr 0.091 0.347 0.089 0.596 
MwS 0.028 0.774 0.130 0.437 
MWNa 0.136 0.l57 -0.787 0.000 
CalNa -0.015 0.873 0.300 0.067 
Ca/M2: 0.l98 0.040 0.077 0.647 
catS 0.041 0.675 -0.068 0.685 
CatSr 0.086 0.375 -0.304 0.063 
SrlNa 0.658 0.000 -0.391 0.015 
Table 3.7 Pearson correlation coefficients with P-values for element 
concentration in the calcite and aragonite layers of M. edulis 
Pearson correlation coefficients were calculated to determine the linear relationships 
between element concentrations in the calcite and aragonite layers of M edulis. Values 
close to J indicate a strong positive linear correlation. 
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Figure 3.30 displays maps of the distribution of magnesium, sulphur, sodium and calcium 
in a specimen of M edulis. Magnesium concentration is greater in the calcite layer of the 
shell (Figure 3.30a). The element maps do not highlight any variation in sulphur, sodium 
and calcium concentration between the calcite and aragonite layers of the specimen 
possibly as the X-ray mapping is insensitive to the slight differences in concentration of 
some elements between the calcite and aragonite. 
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Figure 3.29 Scatterplots of element concentration in Mytilus edulis 
The concentration of minor elements in the calcite and aragonite layers of two specimens ofM.edulis was 
analysed by electron microprobe as described in Section 2.6.2. The data from three sets of analyses from each 
specimen are ploned in order to determine if any relationships exist between elements present within the shell. 
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- ---_. __ ._---_ ... _ ...._ ....__ .. _--............... _ ..... __ .-... . 
Figure 3.30 X-ray map of element distribution in a specimen of Mytilus edulis 
a. Mgka, b. ka, c. aka, d. Caka A specimen of M. edulis was prepared for 
analy i a de cribed in ection 2.6.1 and mapping was carried out as described in 
ection 2.6. -I. For each map light grey areas indicate a greater element 
concentration 'while dark grey areas indicate lower element concentration. The 
boundmy between th calcile and aragonite layers is marked by a red dashed line. 
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3.3.3.3 Catbodolumine cence Imaging and Spectroscopy 
The optical L image of M edulis (Figure 3.31) shows a faint luminescence from the outer 
calcite la er but mo t of the layer is non-luminescent. The aragonite layer displays faint 
whitelblue lumine c nee. 
Figure 3.31 Cathodoluminescence image of a specimen of 
Mytilu edulis 
A pecimen of M. eduli wa embedded in a resin block and 
prepared a de cribed in ection 2.6. J. The image was captured 
a de cribed in ection 2.6.5. The boundary belYveen the calcite 
and aragonite layer is marked by a red dashed line. 
In th h p r pectral map of M eduli (Figure 3.32a) the calcite and aragonite layers have 
comparabJ p ak \i a elength of emi sion but the intensity of luminescence differs both 
between th la er and within the aragonite layer (Figure 3.32b). A large proportion ofthe 
lumine cen emitted fr m th pecimen lies within the blue range of the visible spectrum 
(around 410 nm) (Figur .32b). In thi ca e dark blue areas of the CL map (Figure 3.32a) 
do not r ult fr m b am damage to the ample. 
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Figure 3.32 (a) Hyper pectral image showing the intensity and wavelength of 
L emi ion from a pecimen of Myti/us edulis, (b) CL emission 
pectrum acquired from Mytilus edulis 
Cathodolumine:cence pee/ro eopy wa carried as de cribed in Section 2.6.5. The 
image wa produ ed u ing the oftware, CHIMP. The colour of the cross on the 
L map corre pond /0 the ame colour of line spectra. The division between the 
calcile and aragonite layer i rnarked by a red line. Units on the y axi of Figure 
3.32b are arbifrOf}'. 
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3.3.4 Avian eggshell (Gallus gallus) Ultrastructure and Minor Elements 
3.3.4.1 Ultrastructure 
The eggshell of the domestic fowl (Gallus gallus) consists of six regions; the inner and 
outer shell membranes which provide a surface for crystal nucleation, the mammillary 
caps. the palisade layer, the vertical crystal layer and an outer organic cuticle (Figure 3.33 
and Figure 3.34). 
Removal of the membrane (Section 2.2) reveals the mammillary caps (Figure 3.35), which 
are the first part of the shell to form. The most common mammillary cap structure found 
in the eggshell is presented in Figure 3.36 where the mammillary bodies are in close 
contact with each other and also the membrane, which leaves an imprint on the base of the 
mammillary caps (Solomon, 1991). Solomon (1991) described these mammillary caps and 
also identified the presence of two other types of mammillary body, termed Type A and 
Type B. Type A consists of conical shaped bodies that have minimal contact with the 
membrane while Type B consist of rounded structures that are in contact with the 
membrane (Figure 3.36). 
As the mammillary caps grow they fuse and continued growth produces the palisade layer 
and the vertical crystal layer, which consists of columnar crystals aligned perpendicularly 
to the palisade layer. The organic cuticle, which covers the vertical crystal layer consists 
of an inner vesicle layer with vesicles which contain phosphorus and an outer non vesicular 
layer (Fraser, 1996, Dennis et at. 1996). 
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Figure 3.33 Secondary electron image of a section 
through an avian eggshell (Gallus gallus) 
'EM image of a fractured section of a specimen of an 
egg hell. The ecfion displays the membrane fibres (MF), the 
mammillary caps (Me), the palisade layer (P) and the 
cuticle~ '). 
Figure 3.34 econdary electron image of the membrane 
fibres covering the base of the mammillary 
caps in an avian eggshell (Gallus gallus) 
EM image of the inner surface of an eggshell. 
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Figure 3.35 econdary electron image of the mammillary 
cap in a specimen of an avian eggshell (Gallus 
gallus) 
'EM image of the mammillary caps at the inner surface of an avian 
egg hell (Gallus gallus) following the removal of membrane fibres. 
Figure 3.36 econdary electron image of the mammillary caps 
di playing a normal growth pattern (Me) and 
Type B mammillary bodies (B) 
'EM image of the mammillary caps of an avian eggshell (Gallus 
gallu J following removal of the membrane fibres. 
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3.3.4.2 Minor Element Composition-Electron Microprobe Analysis 
Electron microprobe analyses were taken across the eggshell in a line perpendicular to the 
line of section (Figure 3.37). Magnesium, strontium, sodium, phosphorus and potassium 
are all above the limit of detection of the SX 50 electron microprobe. Sulphur is below the 
limit of detection and therefore will not be discussed. Results are summarised in Table 3.8. 
MgConc. SrConc. Na Conc. PConc. KConc. Figure 
Specimen 
Range Range Range Range Range No. 
(wt%) (wt%) (wt%) (wt%) (wt%) 
a 0.13-0.64 0-0.06 0.02-0.12 0.01-0.10 0.01-0.03 3.37a 
b 0.09-0.59 0-0.03 nJa 0-0.12 0-0.03 3.37b 
Table 3.8 Summary of electron microprobe results for G. gallus eggshell 
The results displayed in Table 3.8 summarise the concentration range (i. e. the lowest 
concentration to the highest concentration) of Mg, Sr, Na, P and K in the eggshell of G. 
gallus 
Figure 3.37a and b illustrate spot analyses of magnesium, sodium, phosphorus and 
potassium taken across two eggshell specimens. There is a high concentration of 
magnesium within the mammillary caps in both specimens. Magnesium concentrations 
abruptly decrease across the zone in which the mammillary caps fuse and then steadily 
increase through the shell towards the cuticle. Phosphorus and potassium concentrations 
gradually increase from the mammillary caps to the outer cuticle. Both phosphorus and 
potassium reach maximum concentration during tennination of shell growth. Strontium 
displays a similar but more erratic pattern, gradually increasing towards the outer portion 
of the shell. Sodium concentration is at a maximum in the mammillary caps and gradually 
declines across the area in which the mammillary caps fuse. Unfortunately sodium 
analyses are not available for specimen b. 
Scatter plots of element concentration are presented in Figure 3.38. Correlation 
coefficients are presented in Table 3.9. The graphs include four sets of spot analyses taken 
across two specimens of eggshell. From spot analysis (Figure 3.37) the distributions of 
some elements follow a similar trend. Magnesium positively correlates with phosphorus 
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(Figure 3.38a and Table 3.9). Within this plot there is a separate cluster of four data points 
that were obtained from the eggshell cuticle. Magnesium also displays a positive 
correlation with potassium (Figure 3.3Si), while phosphorus and potassium also show a 
strong positive correlation (Figure 3.38e). Calcium displays a negative correlation with 
magnesium (Figures3.38f and Table 3.9). Sodium displays a negative correlation with 
potassium (Table 3.9). 
Variables Correlation Coefficient P-value 
MgIP 0.711 0.000 
SrlP 0.462 0.000 
MgIK 0.737 0.000 
CaiSr 0.014 0.914 
CaIP -0.280 0.026 
PlNa -0.292 0.020 
CalNa -0.lS1 0.156 
CalK -0.221 O.OSI 
PIK 0.663 0.000 
CalMg -0.430 0.000 
SrlK 0.480 0.000 
SrlNa -0.242 0.056 
MglSr 0.599 0.000 
MglNa -0.215 0.090 
NaIK -0.572 0.000 
Table 3.9. Pearson correlation coefficients with P-values for element 
concentration in the calcite eggshell of G. gallus 
Pearson correlation coefficients were calculated to determine the linear 
relationships between element concentrations in the calcite shell of G. 
gallus. Values close to 1 indicate a strong positive linear correlation. 
X-ray maps showing the distributions of a number of elements are illustrated in Figure 
3.39. As shown by electron microprobe data, the highest concentration of magnesium is 
within the mammillary caps and the cuticle (Figure 3.39a). Although sulphur 
concentrations are below detection limits the sulphur X-ray map (Figure 3.39b) highlights 
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the ulphur rich organic membrane upon which the shell nucleates. Figure 3.39d displays 
the high concentration of pho phorus in the cuticle. 
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Figure 3.39 -ray map of element concentration in an avian eggshell (Gal/us gallus) 
a. Mgka, b. 4 'lea, c. aka, d. Pka A ample of an eggshell was prepared for analy i 
a de. cribed in ection _.6.1 and mapping wa carried out as described in ection 
2.6.-1. For each map. Light grey area indicate a greater element concentration while 
dark grey area indicate lower element concentration. 
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3.3.4.3 Cathodolumine cence Imaging and Spectroscopy 
The a ian gg hell of Gallu gallu luminesces white in optical CL (Figure 3.40), but 
predominantl at blue wa elengths in the hyperspectral maps (Figure 3.41a), although 
there i al 0 orne emi sion within the ultraviolet range of the spectrum (less than 400nm) 
(Figure 3.41 b). 
Figure 3.40 Optical L image of a pecimen of the avian 
egg hell (Gal/us gal/us) 
A P cimen of an avian egg hell (Gallus gallus) wa prepared 
a de cribed in ection 2.6.1. The image was captured as 
de. cribed in L ection 2.6.5. 
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Map of cathodoluimnescence emission from a specimen of an 
egg hell (Gallus gal/us), (b) Spectrum ofluminescence emission 
from an egg hell (Gal/us gal/us) 
athodolumine cence pectro copy was carried as described in Section 2. 6.6. The 
image lI'a produced 1I ing the software, CHIMP. The red cross on the CL map 
carre pond to the red line pectra in Figure 3.4Jb. Units on the Y axis of Figure 
3..11b are arbitrary. 
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3.4 Discussion 
3.4.1 Terebratulina retusa and Novocrania anomala 
As T. retusa and N anomala were collected from the same location, they have experienced 
identical environmental conditions throughout ontogeny. The shell chemistry of each 
species can therefore be compared without having to consider possible effects of 
environmental variables. The shell of T. retusa is composed of low magnesium calcite, 
while the shell of N anomala is high magnesium calcite, demonstrating that the main 
influences on the skeletal chemistry of these two species are biological rather than 
environmental. 
The distribution of minor elements through the low magnesium calcite shell of T. retusa is 
distinctive. There is a significant difference in magnesium, calcium, sulphur, and 
strontium concentrations between the primary and secondary layers, with a higher 
concentration of magnesium, sulphur and strontium in the primary layer of the shell. The 
shell of N. anomala has a high organic matrix content (Section 4.3.1) and a greater 
concentration of minor elements than that of T. retusa, while electron microprobe analyses 
show that the distribution of elements across the primary and secondary layers is relatively 
invariant. 
There have been a number of suggestions of the principal controls on the distribution of 
magnesium and other trace elements in calcium carbonate skeletons, including growth rate 
(Buening and Carlson, 1992) and temperature (Lowenstam, 1961, Dodd, 1967 and 
Lowenstam and Weiner, 1989). A number of studies have indicated that a high 
magnesium concentration in abiotic calcite is associated with rapid precipitation rates 
(Major and Wilber, 1991 and Burton and Walter, 1987). Auclair et al., (2003) showed that 
the secondary layer of Terebratalia transversa is divided into two layers in terms of 
ultrastructure and isotopic composition. The variation in 8180 between the two sections of 
the secondary layer is related to kinetic fractionation, as the growth rates of the primary 
and upper secondary layers, secreted by the marginal mantle are faster than that of the 
lower section of the secondary layer which is secreted by the posterior mantle (Auclair et 
aI., 2003 and Rosenberg et al., 1988). 
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Curry (1982) found that the brachiopod T. retusa grows rapidly during the first three years 
of life and especially during the first three months, at the end of which it attains an average 
length of 2. 75mm. The growth rate declines with age (Curry, 1982). Buening and Carlson 
(1992) found evidence that the trace element composition of the articulated brachiopods T. 
unguicula and T. transversa is influenced by changes in growth rate throughout ontogeny, 
where higher magnesium concentrations within the shell correlate to periods of faster 
growth. Variations in growth rate during ontogeny may therefore similarly influence the 
minor element composition of T. retusa. 
A division between upper and lower sections of the secondary layer of T. retusa is evident 
both in thin section (Figures 3.4 and 3.5) and in chemical differences between the two 
sections (Figure 3.6b). If the primary and upper secondary layers are precipitated more 
rapidly than the lower secondary layer, as is the case for T. transversa (Auclair et al. 
2003), then one would expect that the concentration of magnesium would be greater in the 
primary and upper secondary layers in comparison to the lower secondary layer. 
If growth rate does exert a control over magnesium incorporation in calcite then it would 
be expected that this factor would influence the trace element composition of carbonate 
shells of other species. Novocrania anomala however, is a slow growing brachiopod with 
a high magnesium calcite shell (Ruggiero, 2001). This suggests that growth rate is not the 
sole factor which influences shell chemistry. 
Rosenberg and Hughes (1991) propose that growth rate and composition of the shell of the 
bivalve M edulis are a function of the metabolic activity of the mantle. They suggest that 
mantle metabolism is highest where the shell is chemically expensive to produce and that 
the growth rate of the shell varies according to both the relative metabolic rate of the 
mantle and the concentration of organic matrix and trace elements within the newly formed 
shell. In specimens of M edulis, they determined that calcium rich, fast growing areas of 
the shell were underlain by mantle with a low metabolic activity while areas of the shell 
that are rich in organic matrix and trace element content and are slow growing and are 
underlain by mantle with a high metabolic activity. Rosenberg et al., (1988) found 
evidence for a decline in both metabolic activity and growth rate with age in the 
brachiopod T. transversa. Rosenberg et al., (1988) found that the metabolic activity of the 
marginal mantle, which forms the primary and upper secondary layer of T. transversa is 
higher than that of the posterior mantle, which forms the lower secondary layer. If the 
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metabolic activity of the mantle of T. relusa is similar to that of T. transversa then the 
marginal mantle, which produces the magnesium and sulphur-rich primary and upper 
secondary layers, may have a higher metabolic rate than the posterior mantle which 
produces the lower secondary layer. The decrease in trace element and matrix content may 
therefore be related to a decrease in metabolic activity throughout ontogeny. It should be 
recognised however that there are significant differences in the metabolism of bivalves and 
brachiopods and the extrapolation of theories from one system to another can be 
problematic. 
N. anomala is a slow growing brachiopod with a high magnesium, organic rich calcite 
shell. If the trace element concentration and distribution through the shell of N. anomala 
reflects the metabolic activity of the mantle then the data presented in Section 3.3.2.2 
suggests that the metabolic rate of the mantle is relatively stable throughout ontogeny as 
there is no significant difference in minor element concentration between the primary and 
secondary layers of the shell. 
The data available on the metabolism of inarticulated brachiopods is limited and no 
information is available about the metabolism of N. anomala. Therefore the relationship 
between matrix/mineral ratios and metabolic rate can only be surmised. Hammen (1971) 
found that the inarticulated brachiopod Lingula, has a higher metabolic rate than the 
articulated brachiopods. This data concurs with the metabolic rate theory suggested by 
Palmer (1981) and Rosenberg et al., (1991) as Lingula has an organic rich shell which 
would be metabolically expensive to produce. 
Stanley el al., (2002) found that simple organisms such as algae are passive in the uptake 
of magnesium from seawater and therefore have high magnesium calcite skeletons due to 
the high magnesium content of present day oceans. The high magnesium content of the 
calcite shell of N anomala suggests that N. anomala does not have a physiological 
mechanism to exclude magnesium unlike those species which produce low magnesium 
calcite shells (Lowenstam and Weiner, 1989, Lorens and Bender, 1977 and Nurnberg et 
al., 1996). 
Sulphur is thought to be a reliable indicator of the distribution of organic matrix within 
calcium carbonate biominerals (Dauphin et al., 2003a and 2003b). In the molluscs Pinna 
and Pinelada, sulphur is associated with the intercrystalline and intracrystalline organic 
matrix as sulphated mucopolysaccharides and the amino acids, methionine and cysteine 
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(Dauphin et al. 2003a). The correlation between magnesium and sulphur within the shell of 
T retusa (Section 3.3.1.2) indicates that, in this case, magnesium may be associated with 
the organic matrix. 
Maps of element concentration across the shell of T. retusa also highlight the relationship 
between magnesium and sulphur. The areas of high magnesium and sulphur content, 
which extend from the primary layer into the secondary layer are assumed to be extensions 
of the primary layer organic matrix crossing the boundary between the two layers. It is 
unlikely that these areas of high sulphur and magnesium concentration are associated with 
the mineral as no evidence has been found for extensions of the primary layer ultrastucture 
into the secondary layer. The high concentration of sulphur in the primary layer of T. 
retusa may be further due to a higher concentration of organic matrix in the primary layer 
in comparison to the secondary layer or a difference in the composition of the organic 
matrix between the two layers. If magnesium is associated with the organic matrix then 
this has implications for the biomineralisation mechanisms involved in the formation of the 
shell of T retusa. The application of MglCa ratios as palaeotemperature indicators in both 
the Brachiopoda and other taxa may also need to be considered since it is based on the 
assumption that Mg substitutes for Ca in the carbonate structure. These results suggest 
that, in some cases Mg is associated with the organic matrix and is not a true component of 
the carbonate structure. 
Sulphate can also be accommodated within the calcite lattice as well as the organic matrix, 
while the negative relationship between calcium and minor elements such as magnesium 
can also be accounted for by the substitution of ions for Ca2+ in the lattice. As electron 
microprobe analysis does not distinguish between sources of ions it cannot be confirmed 
conclusively which phase the sulphur and other elements are associated with. 
In N anomala, sulphur does not correlate with the other elements indicating that the minor 
elements are concentrated in the crystal lattice rather than the organic matrix. The 
difference in peak position between XRD analyses of the low magnesium calcite shell of T. 
relusa and the high magnesium calcite shell of N anomala indicate that the magnesium 
ions are encompassed within the calcite lattice of the N anomala shell. It is also likely that 
strontium and sodium ions are also present within the lattice as they do not correlate with 
sulphur. 
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The concentration of minor elements in the shells of brachiopods may also be related to 
environmental conditions (Lee et al., 2004 and Buening and Carlson, 1992). The data 
presented here indicates that the main trends may be related to physiological parameters. 
As environmental data are not available for this study, the influence of variations in 
environmental conditions on shell composition cannot be determined. 
3.4.2 Mytilus edulis 
The main factor determining chemical variations within the shell of M edulis is the crystal 
structure of CaC03. Mg2+ readily substitutes for Ca2+ in the calcite lattice, but not as easily 
within the aragonite lattice. The strontium ion however, is larger than Mg 2+ and readily 
fits into the more open orthorombic structure of the aragonite lattice. Differences in the 
concentrations of magnesium and strontium between the two layers can therefore to some 
extent be explained by contrasts in their crystal structure. 
Sodium is present in relatively high concentration in both the calcite and aragonite layers. 
Electron microprobe data show that the concentration of sodium decreases across the 
calcite layer towards the boundary with aragonite. It is difficult however, to determine 
whether the sodium is present in the calcite-crystal lattice or associated with the organic 
matrix. Unlike Mg2+ and S?+ that can substitute for Ca2+, sodium is monovalent and 
cannot so easily substitute for Ca2+. Ions such as Na+ may however sit in interstitial spaces 
and particularly within crystal lattice defects (Busenberg and Plummer, 1985). 
Sulphur concentrations are low and are similar across the calcite and aragonite layers. As 
in the two brachiopods, sulphur may also be present in the calcite lattice as S04. If S?+ is 
also present within the calcite crystal lattice then the number of crystal defects is likely to 
increase due to the larger ionic radius of strontium in comparison to the Ca2+ ion for which 
it substitutes. This may result in the incorporation of more Na+ into the crystal defects, 
which may also account for the strong positive correlation between strontium and sodium. 
However following the work by Dauphin et al. (2003a), which determined that sulphur is 
associated with glycosaminoglycans within the organic matrix of molluscs, sulphur is 
likely to be associated with the organic matrix. It has also been confirmed that sulphated 
sugars are contained within the organic matrix of M edulis (See Section 4.3.4). Both 
strontium and sodium positively correlate with sulphur in the calcite layer of the shell, 
therefore strontium and sodium may be associated with the organic matrix in the calcite 
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layer. The decrease in sodium from the outer periostracum through the calcite layer to the 
polymorph boundary suggests that there may be either a change in the structure of the 
calcite thus affecting sodium incorporation, or a decrease in the concentration of organic 
matrix. 
There is some evidence for a correlation between strontium and sodium in the aragonite 
layer of the specimens in Section 3.3.3 .2. There is also a variation in the concentration of 
sodium, sulphur, strontium and magnesium across the aragonite layer. Lorens and Bender 
(1980) found that both the Sr/Ca and MglCa values of M edulis aragonite increased 
linearly with increasing Sr/Ca and Mg/Ca in solution. While the Sr/Ca value of the calcite 
layer also increased linearly with increasing Sr/Ca in solution the MglCa ratio of the calcite 
increased exponentially with MglCa in solution (Lorens and Bender, 1980). As with the 
carbonate skeletons of other marine organisms however, the magnesium content of M 
edulis is lower than that predicted from inorganic distribution coefficients, possibly 
because M edulis has a physiological mechanism for exclusion of magnesium (Lorens and 
Bender, 1977). 
As discussed in Section 3.4.1, Rosenberg and Hughes (1991) described an inverse 
relationship in the calcite layer of M edulis between matrix/trace element rich shell and 
metabolic activity. From the analyses described in Section 3.3.3.2 this relationship cannot 
be confirmed, although a number of other authors have also found evidence to suggest that 
the metabolic activity of the mantle in certain bivalves influences the trace element 
composition and the concentration of organic matrix within the shell (Klein et. al, 1996). 
3.4.3 Eggshell 
The ionic composition of the uterine fluid may control the minor element composition of 
the eggshell. Electron microprobe analyses of the G. gallus eggshell (Figure 3.37) indicate 
that the concentration of magnesium is high in the mammillary caps and abruptly decreases 
towards the area of the shell within which the mammillary caps fuse. Furthermore, 
magnesium concentration gradually increases from the point at which the mammillary caps 
fuse towards the cuticle. The concentration of magnesium in the uterine fluid increases 
throughout the three phases of eggshell formation: initial (0.8mM), growth (4mM) and 
final phases (9mM) (Arad et al., 1989). In general, the magnesium concentration of the 
eggshell (Figure 3.37) follows the same pattern as variations in magnesium concentration 
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within the uterine fluid (i.e. magnesium concentration increases during the development of 
the eggshell). However, magnesium concentration within the mammillary caps is initially 
high. The discrepancy between the concentration of magnesium in the first formed part of 
the shell and the magnesium concentration within the uterine fluid may be a result of the 
time at which the first uterine fluid samples were extracted. Nys et ai., (1991, 1999) also 
present measurements of the ionic composition of the uterine fluid during the initial and 
final stages of eggshell formation. Sodium concentration in the uterine fluid is high during 
initial precipitation and decreases throughout the calcification process. This pattern is 
consistent with the distribution of sodium in the eggshell, which increases from the earliest 
formed part of the shell i.e. the mammillary caps to the outer shell cuticle (Figure 3.37). 
Potassium concentration in the uterine fluid increases during the final stages of shell 
formation, which corresponds with an increase in potassium through the palisade layer to 
the outer cuticle (Figure 3.37). Phosphorus concentration in the uterine fluid is also at its 
highest during the later stages of eggshell calcification, which is also consistent with the 
distribution of phosphorus in the eggshell (Figure 3.37). 
Hincke and St. Maurice (1998) found that the addition of Mg2+ to calcite crystal growth 
solution accelerated the onset of calcite precipitation but inhibited the maximum rate of 
precipitation with respect to a control experiment. The addition of phosphate ions also 
resulted in the inhibition of the maximum precipitation rate. The influence of magnesium 
on calcite crystal morphology has also been reported (Meldrum and Hyde, 2001). Ions 
such as magnesium and phosphate may therefore have an active role in the formation of 
the eggshell and controlled changes in the ionic composition of the uterine fluid may 
therefore be a mechanism for controlling the onset of calcite precipitation, the precipitation 
rate and crystal morphology. 
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4.1 Introduction 
Biominerals are composite materials composed of a mineral phase with an organic matrix 
comprised of proteins, carbohydrates and lipids. The organic components control the 
nucleation, polymorph type and crystal morphology of the mineral (Lowenstam and 
Weiner, 1989, Simkiss and Wilbur, 1989). The matrix can be divided into two 
components: the intercrystalline organic matrix, which surrounds the crystals and the 
intracrystalline organic matrix which is present within the mineral itself and as such is 
resistant to strong chemical oxidation (Sykes et al., 1995). The matrix can also be divided 
into insoluble and soluble fractions by the demineralisation of the biomineral with ethylene 
diamine tetra acetic acid (EDTA). The insoluble fraction differs in composition between 
species and in some instances is absent (Weiner et al., 1983). These hydrophobic 
macromolecules provide a framework for crystal formation and as such are frequently 
referred to as "framework proteins". They exert control over crystal orientation and 
contribute to the final mechanical properties of the biomineral (Feng et al., 2000a), while it 
has also been suggested that they may influence the mineral polymorph type (Matsushiro 
et al., 2003). In contrast, the soluble matrix components are hydrophilic, contain a high 
proportion of acidic residues (Weiner et ai., 1983) and are commonly glycosylated (Hare, 
1963, Weiner and Hood, 1975, and Weiner, 1979). The acidic nature of these 
macromolecules has led to the suggestion that they have a calcium-binding function and as 
such an important role in the mineralisation process (Weiner and Hood, 1975, Weiner and 
Traub, 1984 and Lowenstam and Weiner, 1989). A number of in vitro studies have 
confirmed that organic matrix macromolecules extracted from different biomineral systems 
exert control over crystal growth and morphology (Belcher et ai., 1996). 
Organic matrices extracted from a range of biomineral systems have been characterised in 
relation to their protein composition and carbohydrate content (e.g. Cariolou and Morse, 
1988, Hare, 1963, Panheleux et ai. 2000, Kawaguchi and Watabe, 1993) and a number of 
comparative studies of matrix composition between species from the same phylum have 
been undertaken (e.g. Mitterer, 1978, Young, 1971 and Miyamoto, et ai., 2003) yet 
relatively few comparisons of species from different phyla (e.g. Dauphin, 2001) have been 
carried out. 
Chapter 4 Organic Matrix Composition 
The aim of this chapter is to compare the organic matrix composition of the four systems, 
including different phyla which produce different ultrastructures and two types of calcium 
carbonate polymorph; calcite and aragonite. This chapter describes the molecular weight, 
charge and amino acid composition of intercrystalline and intracrystalline proteins as well 
as the carbohydrate organic matrix component of the shells of T. retusa, N anomala, M 
edulis and Gallus gallus. 
4.2 Previous Work 
4.2.1 Organic Matrix Structure and Control of the Mineral Phase 
The general model for the structure of the organic matrix comprises a framework of 
hydrophobic macromolecules i.e. the insoluble organic matrix, with hydrophilic 
macromolecules i.e. the soluble organic matrix anchored at sites on the framework surface. 
Weiner and Traub (1984) and Weiner et al., (1983) proposed a model termed the template 
model, for the structure of organic matrix within the aragonite layer of mollusc shells. 
This model comprises a core layer of insoluble chitin and silk fibroin like protein covered 
on both sides by layers of soluble matrix. Certain layers that form the matrix framework 
appear to be absent in some mollusc species while the acidic soluble matrix components 
are widespread, which suggests that the soluble matrix components have a different role to 
the insoluble matrix proteins in the mineralisation process (Weiner et al., 1983). 
The template model requires that the arrangement of the aspartic acid residues in the 
soluble organic matrix match the crystallographic arrangement of Ca2+ in the lattice of 
aragonite (Weiner and Traub 1984). Weiner and Hood (1975) found a high concentration 
of glycine and aspartic acid in the soluble organic matrices of the molluscs, Crassostrea 
virginica, Mercenaria mercenaria, Crassostrea irredecens and Nautilus pompilus. The 
presence of proteins with a repeat (Asp-Y)n sequence where the Y is glycine or serine was 
therefore inferred. If this repeat sequence is present in ~-pleated sheet formation then there 
is a correlation between the carboxylate groups of the aspartic acid residues and the 
crystallographic arrangement of Ca2+ in the calcite and aragonite lattices (Weiner and 
Hood, 1975 and Weiner and Traub, 1984). However, this model does not explain the 
selective mineralisation of calcite and aragonite in the mollusc shell, as the distances 
between calcium ions in the (001) face of calcite are similar to the distances between 
calcium ions in the (001) face of aragonite (Mann, 1988, 2001). The correlation between 
89 
Chapter 4 Organic Matrix Composition 
crystal lattice stereochemistry i.e. the arrangement of col- anions around the Ca2+ ions as 
well as the location of the Ca2+ ions, and the molecular arrangement of the organic matrix 
may therefore exert control over the mineral phase and the polymorph that it nucleates 
(Mann, 2001). 
4.2.2 Insoluble matrix composition 
The dissolution of calcium carbonate biominerals with the calcium chelator Ethylene 
diamine tetra acetic acid (EDTA) results in two fractions of organic matrix, an EDT A 
insoluble fraction and an EDT A soluble fraction. The concentration of insoluble organic 
matrix varies significantly between species and in some instances the insoluble organic 
matrix is entirely absent which suggests that it has a different role in the mineralisation 
process than the soluble organic matrix (Weiner et al., 1983). The insoluble matrix 
proteins provide a framework upon which the soluble matrix fraction is anchored, and 
upon which mineralisation takes place. It has also been suggested that the main purpose of 
the insoluble matrix may be to influence the mechanical properties of the biomineral and 
may not have a major role in the mineralisation process itself (Lowenstam and Weiner, 
1989, Feng et al., 2000a). 
A high concentration of glycine within the organic matrix fraction is a common 
characteristic of the insoluble fraction of the organic matrix of calcium carbonate 
biominerals such as the shells of molluscs, brachiopods and bryozoans (Weiner et al., 
1983). In mollusc shells, a group of fibrous framework proteins have been identified with 
a high concentration of both glycine and alanine (Miyashita et al., 2000, Kawaguchi and 
Watabe, 1993, Weiner et al., 1983 and Hare, 1963). Sudo et al., (1997) extracted two 
proteins, MSI 60 and MSI 31 from the shell of Pinctada Jucata. Both proteins are thought 
to be framework proteins as they show no evidence of N-glycosylation or carbonic 
anhydrase activity both of which are features associated with the soluble acidic matrix 
proteins (Section 4.2.4). Lustrin A, a protein identified as a component of the shell matrix 
of the mollusc Haliotis refuescens has a combination of multifunctional structures which 
indicates that it serves a number of functions as well as being a structural framework 
protein (Shen et al., 1997). Lustrin A is homologous with other organic matrix proteins 
including the protein group, frustulins, which are associated with diatom cell walls (Shen 
et al., 1997). Data on the composition of the insoluble organic matrix of brachiopods is 
limited. lope (1965) found that the exoskeletons of articulated brachiopods are enriched in 
glycine while the shell of the inarticulated brachiopod, Crania is also enriched in glycine 
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but to a lesser extent than the articulated brachiopods. Cusack et al., (2000) also found that 
the shells of the articulated brachiopod T. retusa and the inarticulated brachiopod N 
anomala both had a high glycine content. In T. retusa the ventral valve is enriched in 
glycine but depleted in alanine with respect to the dorsal valve. It is suggested that the 
difference in amino acid composition is the result of the presence of the loop in the dorsal 
valve of the T. retusa shell (Cusack et al., 2000). In N anomala the amino acid 
composition of the dorsal and ventral valves are quite different due to the differences in 
ultrastructure between the two valves. 
4.2.3 Soluble matrix composition 
Soluble matrix proteins extracted from both calcium carbonate biominerals and calcium 
phosphate biominerals such as bone and dentine, contain a high concentration of acidic 
amino acids (Lowenstam and Weiner, 1989. Mitterer, 1978. Mann, 2001 and Veis and 
Perry, 1967). These negatively charged macromolecules are thought to have a calcium 
binding function (Weiner, 1979, Wheeler et al., 1981 and Weiner and Hood, 1975). The 
effect of the soluble matrix on crystal growth and morphology is thought to differ 
depending on whether the macromolecules are fixed to a framework in which case they act 
as a nucleating surface for crystals, or if they are free in solution where they have been 
found to act as inhibitors of nucleation (Lowenstarn and Weiner, 1989 and Wheeler et al., 
1981). However, Weiss et al., (2000) have identified the soluble protein Perlucin from the 
shell of Haliotis laevigata, which when in solution enhances rather than inhibits calcite 
nucleation. Soluble matrix proteins extracted from the exoskeletons of bivalve molluscs 
not only influence the crystal morphology but also exert control over the polymorph type 
(Belcher et al., 1996 and Falini et al., 1996). The roles of the soluble and insoluble organic 
matrices in polymorph control are not fully understood however, and evidence has also 
been found for the precipitation of aragonite in vitro with the addition of a water insoluble 
protein complex extracted from the pearls and nacreous shell layers of specimens of the 
oyster, Pinctada jUcata (Matsushiro et al., 2003). Control over polymorph type may 
therefore be the result of a complex interaction of both soluble and insoluble organic 
matrices and minor elements (e.g. magnesium) with the mineral precipitate (See Section 
3.2.1 ). 
Some proteins extracted from the shells of molluscs have carbonic anhydrase activity. 
Miyamoto et al. (1996) isolated a soluble organic matrix protein, Nacrein from the 
nacreous layer of the pearl oyster Pinctada jUcata and from the shell of the gastropod 
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Turbo marmoratus (Miyamoto et al., 2003), while Kono et al. (1999) cloned a soluble 
matrix protein, N66 from the shell of Pinctada fucata. All three proteins have carbonic 
anhydrase domains, which are thought to be involved in the calcification process. 
Miyamoto et al (1996) and Shimomura et al. (2002) suggest that the nacreins are involved 
in the calcification process during the conversion of respiratory CO2 to HC03' in the 
presence of H20. Carbonic anhydrase activity increases the formation rate of calcium 
carbonate in vitro (Shimomura et al., 2002). The faster the rate of formation of HC03', the 
faster the rate of precipitation of calcium carbonate (Shimomura et al., 2002). 
A large proportion of the soluble organic matrix proteins that have been extracted from the 
shells of marine invertebrates and from eggshells are glycosylated (Cusack et al., 2000, 
Collins et al., 1991 & Ameye et al., 2001). Cusack et al., (2000) identified two 
glycoproteins of 40KDa and 62KDa molecular weight in the soluble organic matrix of T. 
retusa and a 60KDa glycoprotein in the organic matrix of N. anomala. Two glycoproteins 
with molecular weights of 67KDa and 62KDa have also been isolated from the prismatic 
layer of the oyster Crassostrea virginica (Kawaguchi and Watabe, 1993), while Pinnes et 
al., (1995) identified the glycoprotein osteopontin in the eggshell of the domestic fowl. 
The common occurrence of glycoproteins in calcium carbonate biominerals suggests that 
the carbohydrate groups may be involved in shell formation possibly via their negatively 
charged sulphate and carboxylic acid groups. 
Proteoglycans such as mammillan, a keratan sulphate proteoglycan (Nys et al., 1999), 
ovoglycan, a dermatan sulphate proteoglycan (Fernandez et al., 2001) and 
glycosaminoglycans such as chondroitin-4-sulphate and dermatan sulphate have been 
identified in the eggshell of the domestic fowl (Carrino et al., 1997 and Nys et al., 1999). 
Glycosaminoglycans, and the extent to which they are sulphated, exert control over the 
morphology and number of calcite crystals grown in vitro (Arias et al., 2002). The 
addition of dermatan sulphate exerts control over the morphology of calcite crystals 
nucleated both in vitro (Arias et al. 2002) and on eggshell mammillae (Fernandez et al., 
2004) resulting in crystals with a columnar morphology. Kawaguchi and Watabe (1993) 
found evidence to suggest that glycosaminoglycans contained within the soluble organic 
matrix of the oyster Crassostrea virginica surrounded the surfaces of the calcite crystals of 
the shell and were also in close contact with glycosaminoglycans contained within the 
insoluble organic matrix component. The presence of glycosaminoglycans such as 
chondroitin sulphate and keratan sulphate in the shells of the molluscs Pinna nobilis and 
Pincatada margaritifora has also been highlighted (Dauphin et al., 2003a and Dauphin et 
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al., 2003b). Analysis of the interprismatic walls of both Pinna and Pinctada by X-ray 
absorption near-edge structure spectroscopy (XANES) revealed the presence of a high 
concentration of sulphate (indicative of the presence of sulphated sugars) within the 
organic matrices. The role of these sulphated sugars in the biomineralisation process has 
also been supported by in vitro studies of the interaction of organic matrix macromolecules 
with calcium carbonate crystals (Kitano and Hood, 1965, Addadi et al., 1987 and Wu et 
al., 1994). 
4.3 Results 
4.3.1 Concentration and Distribution o/Organic Matrix 
The concentration of organic material in the shells of T retusa, N. anomala, M edulis 
Gallus gallus was determined by Loss on Ignition (LOI) as described in Section 2.7.1. The 
results presented in Table 4.1 are an average of three sets of analyses. 
Biomineral % Organic Content % Organic Content 
(range) (average) 
T retusa Ventral Valve 2.34-2.68 2.48 
T retusa Dorsal Valve 2.36-3.11 2.62 
N. anomala Dorsal Valve 4.46-5.76 5.05 
M edulis calcite 1.58-1.69 1.64 
M edulis aragonite 3.19-3.23 3.21 
Avian Eggshell 2.25-5.21 3.73 
Table 4.1 Loss on Ignition Results 
The organic content of the shells ofT retusa, N. anomala, M edulis 
and G. gallus was determined using Loss on Ignition (Section 
2.7.1). The results presented are the range and mean values of 
three sets of analyses. 
The backscattered electron signal increases with the mean atomic number the density of 
the material being analysed. As such, electron backscatter imaging can be used to 
highlight differences of atomic number of a sample. Biominerals are organic/inorganic 
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composites therefore electron backscatter imaging should highlight the difference in 
atomic number between areas with a high organic content (low mean atomic number) and 
areas with a high mineral content (high mean atomic number). 
Figure 4.1 presents backscattered electron images of the shells of T retusa, N. anomaia, 
M edulis and Gallus gallus within which the lighter areas have the greater mean atomic 
number. 
The backscatter image of T retusa (Figure 4.1 a) shows that the primary layer has a greater 
mean atomic number than the secondary layer. If spatial variations in the proportion of 
backscattered electrons does reflect the relative proportions of mineral and organic matrix 
then it is possible to determine the distribution of organic material in each system as 
follows: the secondary layer of T retusa has a higher organic content than the primary 
layer of the shell. In N. anomala the central section of the secondary layer contains a 
higher concentration of organic matrix than the outer and inner portions of the shell. The 
aragonite layer of M edulis has a higher organic content than the calcite layer of the shell. 
However, alternating bands of high/low density material are apparent in the outer portion 
of the calcite layer. In G. gallus the concentration of organic matrix is high in the 
mammillary caps but decreases across the zone where the mammillary caps fuse. The 
organic content increases in the outer portion of the eggshell. 
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Figure 4.1 Backscattered electron images of T. retusa, N. anomala, M. edulis 
and the G. gallus 
Backscattered electron image were produced as described in Section 2.7.2. 
White, light grey area are compo ed of material with a higher mean atomic 
number than area that are dark grey such as organic matrix. (a) T retusa, (b) N. 
anomala (c) M eduli and (d) G. gallus 
4.3.2 Molecular Weight of Infercrystalline and Intracrystalline Proteins 
The intercr talline and intracry talline organic matrix fractions of T retusa, N anomala 
and M. eduli ' wer e tracted as de cribed in Section 2.8.1 and Section 2.8.2 respectively. 
For G. gallu onl th intracrystalline fraction was extracted by incubation of the sample in 
DT A ( ectiol1 2. .2), as the e traction of the intercrystalline proteins by incubation of the 
ample in nH L ( ction 2.8. 1) affi cts the intracrystalline protein extract and the final 
re olution ofth protein by SD PAGE. The proteins fTom both the intercrystalline and 
intracr staJiine fraction were separated by SDS PAGE (Section 2.8.4) and visualised 
u ing th taining t chnique described in Section 2.8.6 and Section 2.8.7. Sample 
olum and g I loading are pre ented in Appendix C. 
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Three proteins of 47, 38 and 15kDa from the intercrystalline protein fraction of T retusa 
and a 38kDa protein from the intracrystalline fraction were separated by SDS PAGE 
(Figure 4.2). 
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Figure 4.2 ilver stained, 15% polyacrylamide gel of the intercrystalline 
and intracrystalline protein fractions of T. retusa 
Intercry lalline and intracrystalline protein extracts of T. retusa were 
prepared as described in Section 2.8. The proteins were electrophoresed on 
a Biorad™ minigeZ y tem at 60V Lane 1 Mid range protein standards 
(Section 2. . .J). Lane 2 oluble intercrystalline protein extract. Lane 3 
oluble intracrystalline protein extract. Lanes 4 Mid range protein standards 
(Sec/ion 2. . .J). 
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Protein with molecular weight of 63kDa and 58kDa are present in both the intercrystalline 
and intracry talline extracts of . anomala (Figure 4.3). Three proteins with apparent 
molecular weight of 43kDa, 35kDa and 13kDa are also present in the intracrystalline 
protein extract. 
a I 
66 
36 
29 
2~ 
20 
l~ 
63kDa 
..-58kDa 
a 
Figure 4.3 ilver tained, 15% polyacrylamide gel of the intercrystalline 
and intracry talline protein fractions extracted from N. 
allontala 
Intercry lalline and intracry lalline protein extracts of N. anomala were 
prepared as de cribed in ection 2.8. The proteins were electrophoresed on 
a BioradH f minigel y tem at 60V Lane 1 Mid range molecular weight 
protein tandard (. ection 2.8.4). Lane 2 Soluble intercrystalline protein 
extract. Lane 3 oluble intracrystalline protein extract. Lanes 4 and 5 
Pre tained low range protein tandard (Section 2.8.4). 
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A number of protein with molecular weights ranging between 26kDa to 81kDa are present 
in the intercrystalline extract of M edulis (Figure 4.4). Two proteins of 35kDa and 26kDa 
are present in both the intercrystalline and intracrystalline protein fractions. It is difficult 
to re 01 e other protein bands in the intracrystalline extract due to the smear of material in 
the gel. 
Extrapallial fluid wa extracted from samples of M edulis as described in Section 2.2. The 
fluid e tract wa wa hed with Milli Q ™ and concentrated through a Microcon 1 OkDa filter 
as described in ection 2.2. Proteins in the resultant fluid sample were separated by SDS 
PAGE and the protein fixed and vi ualised by incubation in Coomassie Brilliant Blue as 
described in ection 2.8.5. The extrapallial fluid of M edulis contains two proteins with 
molecular weight of 33kDa and 30kDa (Figure 4.5). 
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Figure 4.4 ilver tained, 15% polyacrylamide gel of the intercry talline 
aDd intracry talline protein fractions of M edulis 
Intercry talline and intraery talline protein extracts of M. edulis were 
prepared a ' de cribed in eetion 2.8. The proteins were electrophoresed on a 
BioradHf minigel y tern at 60V. Lane 1 Mid range molecular weight protein 
tandard (. ection 2 . ../). Lane 2 Soluble intercrystalline protein extract. 
Lane 3 oll/ble intracry talline protein extract. Lanes 4 Mid range protein 
'Iandard (. eelion 2. . .J). 
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Figure 4.5 Coomassie Blue stained, 20% polyacrylamide gel of 
protein within the extra pallial fluid of M. edulis 
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ExtrapaWalfluid extractedfrom specimens oiM. edulis was prepared as 
described in Section 2.2. The extract was electrophoresed on a Biorad™ 
minigel y tern at 60 V Lane J and 2 Prestained low range molecular 
weight protein tandards (Section 2.8.4). Lane 3 and 4 Extrapallial fluid 
extract from M edulis. Lane 5 and 6 Mid range protein standards 
(. ection 2.8. -1). 
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Only the intracrystalline protein fraction was extracted from the avian eggshell as 
extraction of the intercrystalline organic matrix by incubation of the powdered mineral 
sample in GnHCL affects the intracrystalline matrix and the resolution of the proteins by 
gel electrophoresis. The intracrystalline organic matrix of the avian eggshell contains a 
number of proteins with molecular weights ranging from 16kDa upto 70kDa (Figure 4.6). 
2 3 4 
+-70kDa 
+-S8kDa 
+--lSkDa 
.-38kDa 
+-30kDa 
+-2-lkDa 
+- 18kDa 
+-16kDa 
Figure 4.6 Silver stained, 15% polyacrylamide gel of eggshell 
(Gallus gal/us) intracrystalline protein 
Intracrystalline proteins extracted from the avian eggshell were 
prepared as described in Section 2.8. The proteins were 
electrophoresed on a Biorad™ minigeZ system at 60V Lane 1 Mid 
range molecular weight protein standards (Section 2.8.4). Lane 2, 3 and 
.j Soluble intracrystalline protein extract. 
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4.3.3 Protein Charge 
The intracry talline proteins extracted from the shells of T retusa, N anomala, M edulis 
(calcite and aragonite) and G. gallus were fractionated on the basis of their charge by 
isoelectric focusing ( ection 2.8.8). The proteins were then visualised by incubation of the 
gel in Cooma ie Brilliant Blue tain. The isoelectric points of the intracrystalline proteins 
extracted from T retl( a, . anomala, M edulis and the avian eggshell range between 
approximately 3.5-7 indicating that they are acidic (Figure 4.7). 
Ima9e4~ 
1048633356 J::Jred Cartwright 2S March 2003 15.02 ·36 9=0 vr-255 G.:::1 .00 1.:::0.080s 
PI tandards 1 2 
5.20 
~.55 
~.15 
3.50 
3 5 6 7 8 9 
Figure 4.7 Intracrystalline proteins separa ted by isoelectric focusing 
6.55 
Intra cry talline protein extracted from T retusa, N anomala, M edulis (calcite 
and aragonite) and G. gallu were prepared as de cribed in Section 2.8. Low PI 
tandard protein (c eetion 2 . . 5) are to the left of lane 1. High PI tandard protein 
(. ection 2 .. 5) are to the right of Lane 9. Lane 1 and 2=M eduli aragonite 
in/raay talline protein , Lane 3 and 4=M edulis calcite intraCfY talline proteins, 
Lane 5 G. gallus intracry talline protein , Lane 6=Tolal mus el protein (i.e. 
calcite and aragonite), Lane 7= T retusa intracrystalline protein , Lane 8 and 9=N 
anomala in/raery talline proteins. Protein samples were loaded at different 
position within each lane. 
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4.3.4 Organic Sulphate 
The location of sulphur in the shells of T. retusa, N anomaia, M edulis and G. gallus 
cannot be distinguished by electron microprobe analysis alone as this technique does not 
determine the phase that is analysed. In order to determine if organic sulphate is associated 
with the intercrystalline and intracrystalline organic matrix of T. retusa, N anomala, M 
edulis and G. gallus proteins were fractionated by SDS PAGE (Section 2.8.4) and stained 
with Acridine Orange in accordance with the technique described by Dauphin et al. 
(2003a), (Section 2.8.7). 
Proteins extracted from the intercrystalline and intracrystalline organic matrix fractions of 
T. relusa stain in Coomassie Brilliant Blue and silver stain (Figure 4.2). These protein 
bands are not discernable when stained with Acridine Orange (Figure 4.8). Only larger 
matrix molecules extracted from the intercrystalline material stain faintly in Acridine 
Orange, while the intracrystalline extract of T. retusa appears as a smear of material in the 
gel. 
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Figure 4.8 Acridine Orange stained, 15% polyacrylamide gel of T. retusa 
intercry ta lline and intracrystalline protein fractions 
Intercry talline and intracry talline proteins from T. retusa were prepared as 
de cribed in ection 2. . The proteins were electrophoresed on a Biorad™ 
minigel y tem at 60V and visuali ed by staining with Acridine Orange 
(Dauphin et 01. , 2003). Lane 1 Prestained low molecular weight protein 
tandard (. ee ection 2 . . -1). Lane 2 Soluble intercry talline protein extract. 
Lane 3 L oluble intracrystalline protein extract. 
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When tained with Coomassie Brilliant Blue and silver stain a number of proteins 
extracted from the intercry talline and intracrystalline organic matrix fractions of N. 
anomala are apparent within the gel (Figure 4.3). When stained with Acridine Orange 
howe er only a mear of material larger than 44kDa is visualised (Figure 4.9). 
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Figure 4.9 Acridine Orange stained, 15% polyacrylamide gel of N. 
anomala intracrystalline protein fraction 
The inlraery lalline protein extracl oiN. anomala was prepared as described 
in eel ion 2.. The protein were electrophoresed on a Biorad™ minigel 
y tem at 60V (. eclion 2.8.-1) and visualised by staining with Acridine Orange 
(Dauphin et aI. , 2003). Lane 1 Prestained low molecular weight protein 
standard (. ee eclion 2.8.4). Lane 2 Soluble intracry talline protein. 
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When separated by gel electrophoresis and the gel stained with Coomassie Brilliant Blue 
and silver stain the intracrystalline extract of M edulis appears as a smear in the gel. 
However, ome protein are discemable (Figure 4.4). When stained with Acridine Orange 
the intracrystalline material again appears as a smear in the gel while low molecular weight 
material, less than 14 kDa is heavily stained (Figure 4.10). 
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Figure 4.10 Acridine orange stained, 10% polyacrylaminde gel of M. 
edulis intracrystalline fraction 
The intracrystalline protein extract aiM. edulis was prepared as described in 
ection 2.8. The proteins were electrophoresed on a Biorad™ minigel system 
at 6011 (. eclion 2 .. 4) and visualised by staining with Acridine Orange 
(Duaphin et ai. , 2003). Lane J Prestained low molecular weight protein 
tandard (. ee ection 2.8..:/). Lane 2 Soluble intracrystalline protein extract. 
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A number of protein extracted from the intracrystalline organic matrix of the eggshell of 
G. gallus are i uali ed in Coomassie Brilliant Blue and silver stain (Figure 4.6). 
However when stained with Acridine Orange the intracrystalline appears as a smear in the 
gel (Figure 4.11). 
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Figure 4.11 Acridine orange stained, 15% polyacrylamide gel of G. gallus 
egg hell intracrystaUine protein fraction 
The intracry talline protein extract of the avian eggshell was prepared as 
de cribed in eclion 2. . The proteins were electrophoresed on a Biorad™ 
minigel y tern at 60V and visualised by staining with Acridine Orange. Lane 
1 Preslained low molecular weight protein standards (See Section 2.8.4). 
Lane 2 Soluble in/racry lalline protein extract. 
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4.3.5 Distribution of Amino Acids in T. retusa, N. anomala, M. edulis and 
G. gallus 
The distribution of amino acids between the intercrystalline and intracrystalline protein 
fractions of T.retusa, N. anomala, M edulis and G. gallus was determined by amino acid 
analysis. Samples were manually hydrolysed (Section 2.9.1) and analysed using an 
Applied Biosystems 420-H analyser (Section 2.9.2). Figure 4.12 displays the concentration 
of amino acids in the total, intercrystalline and intracrystalline protein fractions. Intact 
valves were cleaned and rinsed using sodium hypochlorite (1 % v/v) as described in Section 
2.2. Cleaned valves were powdered using a ceramic mortar and pestle (Section 2.9.1). 
The total concentration of amino acids was extracted by dissolving the powder in an 
aqueous solution of HCL (2N). The solution was transferred to hydrolysis tubes and dried 
under vacuum. The tubes were placed in vials containing 500J..ll Hel (6N), purged with 
argon, sealed and heated at 165°C for one hour (Section 2.9.1). Treatment of shell powder 
with sodium hypochlorite (l%v/v) (Section 2.9.1) destroyed the intercrystalline amino 
acids therefore only intracrystalline amino acids were extracted upon dissolution of the 
sodium hypochlorite-treated shell powder (Section 2.9.1). The concentration of 
intercrystalline amino acids was the difference between the total and intracrystalline amino 
acid concentration. 
Considering the concentration of amino acids in each of the systems in tum, for T retusa 
the overall concentration of amino acids is greater in the ventral valve, while the 
concentration of amino acids is slightly higher in the intercrystalline fraction in relation to 
the intracrystalline fractions in both valves. In the dorsal valve of N. anomala there is an 
even distribution of amino acids between the intercrystalline and intracrystalline protein 
fractions. The concentration of amino acids is greater in the left valve of M edulis, while 
the concentration of amino acids is greater in the intercrystalline protein fraction in relation 
to the intracrystalline protein fraction in both valves. In G. gallus the distribution of amino 
acids is highest in the intracrystalline protein fraction. 
Between the four systems the dorsal valve of N. anomala has the lowest total concentration 
of amino acids, while G. gallus has the highest total concentration. The dorsal valve of N. 
anomala has the lowest concentration of intercrystalline amino acids, while M edulis has 
the highest concentration of intercrystalline amino acids. The right valve of M edu/is has 
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the lowe t cone ntration of intracrystalline amino acids, while G. gallus has the highest 
concentration of intracry talline amino acids (Figure 4.1 2). 
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Figure 4.12 Di tribution of amino acids in T. retusa, N. anomaLa, M. edulis 
and an avian egg hell (Gallus gal/us) 
Powdered hell ample were incubated in an aqueous solution of sodium 
hypochlorite (1% v/v) a described in Section 2.9.1. Total, inter and 
intracry talline amino acid were extracted (Section 2. 9.1) and the amino acid 
concentration determined ~ ecfions 2. 9.2 and 2. 9.3). 
One-lett r code for amino acid are presented in Table 4.2. The relative abundances of 
amino a id (di pia d a amino acids per hundred residues) in the total, intercrystalline 
and intracry talline protein fraction of T. retusa, . anomala, M edulis and G. gallus are 
pr nted in Table 4.3-4.8, and Figure 4.1-4.15. In all cases, the total protein and 
intercry tallin pr tine tra ts have a high glycine content. The intracrystalline fractions 
of T. relll a, . anomala and M eduli are also glycine rich. The total protein fraction of 
T. relll a al h a r lati 1 high content of a paragine/aspartic acid, arginine, alanine 
and alin . Th total prot in fra tion of the dorsal valve of N. anomala has a high 
con entrati n of asparagine/aspartic acid, alanine and proline. The total protein 
compo i6 n of b th al e of M eduli includes a high alanine and lysine content. The 
total protein fra tion of the egg hell is enriched in alanine and lysine. However, overall 
the amino a id c mp ition i more balanced than in the marine biominerals. 
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The intercrystalline fraction of T. retusa has a similar composition to the total protein 
fraction and is enriched in asparagine/aspartic acid, valine and alanine. The intercrystalline 
fraction of N. anomala is enriched in proline, alanine and asparagine/aspartic acid. The 
intercrystalline protein fraction of M edulis has a similar composition to the total protein 
fraction and is enriched in alanine and lysine, while the intercrystalline fraction of the 
eggshell is proline rich. 
The intracrystalline protein fraction of both valves of T. retusa is rich in glycine and 
valine, while the dorsal valve protein fraction is also enriched in proline. The 
intracrystalline protein fraction extracted from the dorsal valve of N anomala is enriched 
in glycine, asparagine/aspartic acid and serine. The intracrystalline protein from the right 
valve of M edulis is enriched in proline, threonine, glycine and serine, while the left valve 
is enriched in glycine, proline and alanine. The intracrystalline protein fraction of G. gallus 
is enriched in serine, histidine, tyrosine, threonine and isoleucine. 
Amino Acid One Letter Code 
Aspartic Acid D 
Asparagine N 
Glutamic Acid E 
Glutamine Q 
Serine S 
Glycine G 
Histidine H 
Arginine R 
Threonine T 
Alanine A 
Proline P 
Tyrosine Y 
Valine V 
Methionine M 
Cysteine C 
Isoleucine I 
Leucine L 
Phenylalanine F 
Tryptophan K 
Table 4.2 One letter codes for amino acids 
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D E S G H R T A P Y V M C L F K 
T. musa dorsal valve 1437.7 349.4 263.0 6471.5 91.5 739.0 471.6 1010.1 1197.9 737.7 1307.6 0.0 210.1 393.0 302.7 143.4 155.4 
T. muSll ventral valve 1021.2 433.9 494.6 7408.2 264.3 1090.9 581.3 975.6 239.9 1059.3 1679.9 0.0 174.0 388.6 352.9 179.2 255.5 
N. lUIotrUlla dorsal valve 1047.6 231.5 574.4 1904.5 260.0 392.7 500.7 638.3 738.3 136.9 495.0 0.0 120.4 326.7 39\,1 147.3 178.3 
M.edllUs rilht valve 1595.1 527.6 1497.9 10784.9 162.2 1274.1 1098.4 5719.2 670.7 1024.4 1722.4 0.0 139.0 932.9 2457.8 725.4 911.4 
M.edllUs left valve 1877.9 982.8 2499.8 14333.5 138.4 2468.2 1372.8 7182.2 175.8 1456.1 2112.2 937.9 379.9 1177.9 3451.1 941.8 1069.1 
Gallus galllls 1387.5 3878.2 3923.6 9225.6 2810.3 3790.8 3794.0 5611.5 5126.9 1077.3 4540.5 1935.4 370.1 2054.8 3406.8 947.1 1657.9 
Table 4.3. Absolute amino acid composition (pmo\) of the total protein fractions of T. retusa. N. anomala. M. edulis. and G. gallus 
D E S G H R T A P Y V M C L F K 
T. ,etusa dorsal valve 9.41 2.29 1.72 42.35 0.60 4.84 3.09 6.61 7.84 4.83 8.56 0.00 1.38 2.57 1.98 0.94 1.02 
T. ,etusa ventral valve 6.15 2.61 2.98 44.63 1.59 6.57 3.50 5.88 1.45 6.38 10.12 0.00 1.05 2.34 2.13 1.08 1.54 
No anotrUlla dorsal valve 12.96 2.86 7.11 23.56 3.22 4.86 6.19 7.90 9.13 1.69 6.12 0.00 1.49 4.04 4.84 1.82 2.21 
M.edllUs right valve 5.11 1.69 4.79 34.52 0.52 4.08 3.52 18.31 2.15 3.28 5.51 0.00 0.44 2.99 7.87 2.32 2.92 
M.edllUs left valve 4.41 2.31 5.87 33.68 0.33 5.80 3.23 16.88 0.41 3.42 4.96 2.20 0.89 2.77 8.11 2.21 2.51 
Gallus gaUus 2.50 6.98 7.07 16.62 5.06 6.83 6.83 10.11 9.23 1.94 8.18 3.49 0.67 3.70 6.14 1. 71 2.99 
Table 4.4. Amino acid composition of the total protein fraction of T. retusa, N. anomala, M. edulis and G. gallus 
Values are presented as number of amino acids per 100 amino acids 
0.97 0.81 
! T. d i I 
Total amino acids (per 100 residues)! • ,etusa orsal T. retusa ventral IN. anomala dorsal I 
I valve I valve I valve 
I I . 
. T 2.00 -t-- 1.08 I 2.24 
T 
M.edulls right M. dul' I ft I : Eggshell (Gallus 
I .e IS e va ve. _II) va ve I gUl'us 
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D E S G H R T A P Y V M C I L F K 
T. musa dorsal valve 1264.4 261.9 141.8 5058.9 91.5 571.7 268.3 698.3 421.5 673.9 916.6 0.0 181.9 282.9 176.1 125.6 120.0 
To retusa ventral valve 723.7 269.3 303.7 4998.5 202.1 644.7 246.3 522.8 -146.2 701.7 901.3 0.0 119.0 192.0 136.7 127.8 181.6 
N. anomaJa dorsal valve 336.4 68.2 -37.2 875.9 106.0 251.2 152.6 311.9 484.7 73.0 221.7 0.0 92.8 188.8 190.6 87.4 102.4 
M.edllils right valve 1496.3 463.8 891.6 10199.9 124.8 1197.4 426.0 5459.8 -756.9 956.5 1544.6 0.0 131.3 814.1 2204.0 642.2 782.0 
M.edllUs left valve 1228.0 654.8 1516.4 10883.3 55.4 2167.8 845.0 5721.6 -1644.2 1280.0 1599.2 937.9 337.8 831.0 2676.9 745.7 733.8 
Gallus galhls 693.3 2717.7 2851.9 6405.3 1941.6 2051.9 1316.0 2655.0 4702.3 754.2 2190.0 1915.3 269.3 1157.2 262.2 545.3 1106.4 
Table 4.5. Absolute amino acid composition (pmol) of the intercrystalline protein fractions of T. retusa, N. anomala, M. edulis and G. gal/us 
D E S G H R T A P Y V M C L F K 
T. retusa dorsal valve 11.23 2.33 1.26 44.95 0.81 5.08 2.38 6.20 3.75 5.99 8.14 0.00 1.62 2.51 1.57 1.12 1.07 
T. retusa ventral valve 7.15 2.66 3.00 49.37 2.00 6.37 2.43 5.16 0.00 6.93 8.90 0.00 1.18 1.90 1.35 1.26 1.79 
N. anomaJa dorsal valve 9.59 1.94 0.00 24.98 3.02 7.16 4.35 8.89 13.82 2.08 6.32 0.00 2.65 5.38 5.44 2.49 2.92 
M.edllUs right valve 5.63 1.75 3.36 38.38 0.47 4.51 1.60 20.55 0.00 3.60 5.81 0.00 0.49 3.06 8.29 2.42 2.94 
M.edllUs left valve 4.02 2.14 4.96 35.60 0.18 7.09 2.76 18.72 0.00 4.19 5.23 3.07 1.10 2.72 8.76 2.44 2.40 
Gallus gallus 2.07 8.10 8.50 19.10 5.79 6.12 3.92 7.92 14.02 2.25 6.53 5.71 0.80 3.45 0.78 1.63 3.30 
Table 4.6. Amino acid composition ofthe intercrystaJline protein fraction of T. retusa, N. anomala. M edulis and G. gallus 
Values are presented as number of amino acids per 100 residues 
•• • I T. retusa dorsal To retusa ventral iN. anomaJa dorsaJ M.edlliis right I Eggshell (Gallus 
Total ammo aCids (per 100 residues) I I 
valve I valve I valve ! M.edlliis left valve gallus) I vave 
I I 
1.20 I 1.14 ! 0.99 ACID:BASE RATIO I 2.21 I 0.65 1.08 I I 
D E S G H R T A P Y V M C L F K 
1. rdlIsa dorsal valve 173.3 87.5 121.2 1412.5 0.0 167.3 203.4 311.8 776.4 63.7 391.0 0.0 28.3 1 \0.1 126.5 17.7 35.4 
T. retllsa ventral valve 297.5 164.5 190.9 2409.7 62.2 446.1 335.0 452.8 386.1 357.6 778.6 0.0 55.0 196.6 216.2 51.4 73.9 
N. anomala donal valve 711.3 163.3 611.6 1028.6 153.9 141.5 348.1 326.5 253.6 63.9 273.3 0.0 27.6 137.9 200.5 59.9 75.9 
M.edMlls right valve 98.8 63.7 606.3 585.0 37.4 76.7 672.4 259.4 1427.5 67.9 177.8 0.0 7.7 118.8 253.8 83.2 129.3 
M.edMlls left valve 649.9 328.0 983.4 3450.2 83.0 300.5 527.8 1460.7 1820.0 176.1 513.0 0.0 42.1 346.9 774.1 196.1 335.3 
Gallus gallus 694.1 1160.5 1071.7 2820.3 868.7 1738.9 2478.0 2956.5 424.6 323.1 2350.4 20.0 100.8 897.7 3144.6 401.8 551.5 
Table 4.7. Absolute amino acid composition of the intracrystalline protein fractions of T. re/usa, N. anomala, M. edulis, and G. gallus 
D E S G H R T A P Y V M C I L F K 
1. retllsa dorsal valve 4.30 2.17 3.01 35.08 0.00 4.15 5.05 7.74 19.28 1.58 9.71 0.00 0.70 2.74 3.14 0.44 0.88 
T. retusa ventral valve 4.60 2.54 2.95 37.22 0.96 6.89 5.17 6.99 5.96 5.52 12.03 0.00 0.85 3.04 3.34 0.79 1.14 
N. anomala dorsal valve 15.54 3.57 13.36 22.47 3.36 3.09 7.61 7.13 5.54 1.40 5.97 0.00 0.60 3.01 4.38 1.31 1.66 
M.edMlls right valve 2.12 1.37 12.99 12.54 0.80 1.64 14.41 5.56 30.60 1.45 3.81 0.00 0.16 2.55 5.44 1.78 2.77 
M.edMlis left valve 5.42 2.74 8.20 28.78 0.69 2.51 4.40 12.18 15.18 1.47 4.28 0.00 0.35 2.89 6.46 1.64 2.80 
Gallus gallus 3.15 5.27 4.87 12.82 3.95 7.90 11.26 13.44 1.93 1.47 10.68 0.09 0.46 4.08 14.29 1.83 2.51 
Table 4.8. Amino acid composition of the intracrystalline protein fraction of T. retusa, N. anomala, M. edulis and G. gallus 
Values are presented as number of amino acids per 100 residues 
Total amino acids (per 100 1. relllsa dorsal T. retusa ventral i N. anomala dorsal M.edMlis right M. dull I ft I 'Eggshell (Gallus 
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Figure 4.13 Amino acid composition of the total protein fraction of T. retusa, N. 
anomaia, M. edulis and G. gallus 
ample were prepared and hydrolysed as described in Section 2.9.1. The total amino 
acid composition wa determined as described in Section 2.9.2. Values are presented 
as amino acid per 100 residues using the one-letter codes/or amino acids (Fable 4.2). 
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Figure 4.14 Amino acid composition of the intercrystalline protein fraction of 
T. retusa, N. anomaia, M. edulis and G. gallus 
Samples were prepared and hydrolysed as described in Section 2.9.1. The 
intercrystalline amino acid composition was estimated from the concentration of 
amino acids de troyed by incubation in sodium hypochlorite. Values are presented 
a amino acids per 100 residues using the one letter codes for amino acids (Fable 
4.2). 
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Figurc 4.15 Amino acid composition of thc intracrystalline fraction of T. retusa, 
. anomala, M. edulis and G. gallus 
Sample were prepared and the intercrystalline matrix fraction destroyed as described 
in ection 2,9.1. am pies were hydrolysed as described in Section 2.9.1. The 
intracrystalline amino acid composition was determined as described in Section 2.9.2. 
Value are pre ented a amino acids per J 00 residues using the one letter code for 
amino a ids (I'able 4.2) 
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4.3.6 N-Terminal Sequencing 
Intracrystalline proteins extracted from the shells of T retusa and N anomala were 
transferred to a Problott Membrane using a Biorad Mini Transblot Electrophoretic Transfer 
Cell as described in Section 2.10.1. N-tenninal sequencing of the most abundant protein 
(38kDa) from the organic matrix of T. retusa and the 35kDa protein from the matrix of N 
anomala was undertaken as described in Section 2.10.2. The 38kDa protein of T retusa 
could not be sequenced as the N-terminal of the protein was blocked preventing the Edman 
Degradation Chemistry. The N-terminal sequence of the 35kDa protein of N anomala is 
shown below: 
5 10 15 
V IL HlY I K K E Q E Q ? Y IQ I PDF G P 
4.3.7 Calcite Growth in the Presence of Intracrystalline Proteins 
Calcite crystals were grown in vitro according to the Kitano protocol (Kitano, 1962), 
(Section 2.11.1). A control experiment was carried out in which the crystals were allowed 
to develop over 24, 48 and 72 hours in the absence of additives. As the intracrystalline 
protein extracts are buffered by sodium phosphate buffer the effect of buffer on the 
development of the crystals was assessed by the addition of 2J.lL of sodium phosphate 
buffer to the crystal growth solution. 
The method for analysis of crystal size was modified from Roque et al., (2004). Images of 
the coverslips on which the crystals were grown were taken using an SEM. The 
magnification for each image was kept constant, therefore the area of each coverslip 
covered by the image was consistent. The number of crystals and the area of each crystal 
within the whole image were assessed using the computer software Scion Image. 
Histograms of crystal number and size were produced using the statistical package SPSS. 
Crystals grown in solution without additives were calcite. Crystals grown in the presence 
of sodium phosphate buffer were also calcite, but were malformed and often present in 
clusters (Figure 4.18b). As a result all intracrystalline protein extracts were washed 
thoroughly with Milli QTM through microcon filters to remove the sodium phosphate 
buffer. 
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Figure 4.16 presents histograms of the number and size of crystals which developed over 
24, 48 and 72 hours both with and without the addition of sodium phosphate buffer. The 
highest total number of crystals (N) was formed after 48 hours, however the overall 
difference between N for 24 and 48 hours was relatively small. In each experiment the 
sodium phosphate buffer had an inhibitory effect on calcite crystal growth. 
Crystals that were grown with the addition of intracrystalline proteins were left to develop 
over 24 and 48 hours. Figure 4.17 presents histograms of the number and size of crystals 
grown in the presence of intracrystalline extracts of T retusa, N anomala, M edulis and 
the eggshell over 24 hours. The concentration of protein added to each crystal growth 
experiment is presented in Table 2.4 (Chapter 2, Section 2.11.2). The addition of T retusa 
intracrystalline organic matrix extract does not appear to have an inhibitory effect on 
calcite growth at a concentration of 1.6nglml. N anomala and M edulis intracrystalline 
extracts, and to some extent M edulis extrapallial fluids had an inhibitory effect on calcite 
growth. It should be noted that the concentration of protein in the intracrystalline extracts 
that were added to the calcite growth solution varied due to the small concentration of 
protein that was available and therefore these results are preliminary. 
Figure 4.18 displays representative examples of crystal morphology. Crystals that 
developed over 48 hours in the solution without additives commonly displayed a 
rhombohedral habit with well defined crystal faces (Figure 4.18a), while secondary crystal 
growth is also common. Crystals grown in the presence of T retusa intracrystalline 
organic matrix extract for 48 hours show pitted surfaces and evidence of clustering (Figure 
4.18c). With the addition of intracrystalline organic matrix extract from N anomala the 
calcite crystals displayed evidence of a layered structure with the secondary growth of 
small rhombohedral calcite crystals on the surface of the crystal (Figure 4.18d and e). The 
addition of intracrystalline organic matrix extracted from the shell of M edulis to the 
saturated calcium carbonate solution resulted in the formation of globular shaped 
precipitates (Figure 4.18t). Crystals grown with the addition of M edulis extrapallial fluid 
display rounded edges and there is also evidence of crystal clustering and secondary crystal 
growth (Figure 4.18g). With the addition of eggshell intracrystalline organic matrix the 
crystals display a layered structure with pitted surfaces (Figure 4.18g and h). X-ray 
diffraction analysis confirmed that crystals that were grown in the presence of 
intracrystalline extracts of T retusa, N anomala, and the eggshell and extrapallial fluid 
extracted from M edulis are composed of calcite. However, XRD analysis indicates that 
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the crystals grown in the presence of M edulis intracrystalline organic matrix extract are 
amorphous (Figure 4.19). 
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Figure 4.16 Histograms of Crystal Number vs. Crystal Size for calcite growth in vitro 
Calcite crystals were grown on coverslips according to the Kitano Protocol (Section 2.11.1). Coverslips were removed from 
the saturated calcium carbonate solution after 24,48 and 72 hours. Sodium phosphate buffer was added to samples d, e andf 
at the start of crystallisation. (a) 24 hours, (b) 48 hours, (c) 72 hours, (d) 24 hours with buffer, (e) 48 hours with buffer and (f) 
72 hours with buffer. SEM images of the coverslip were acquired (at a constant magnification) and the number of crystals and 
the area of the image that each crystal covered analysed using the computer software Scion Image. Histograms were produced 
using the statistical package SPSs. 
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Figure 4.17 (a-d) Histograms of Crystal number vs. Crystal Size for calcite growth with the addition of 
intracrystalline proteins 
Calcite crystals were grown on coverslips according to the Kitano Protocol (Section 2. J J. J). Coverslips were 
removedfrom the saturated calcium carbonate solution qfter 24 hours. Intracrystalline organic matrix extract 
from (a) T. retusa, (b) N. anomala, (c) M. edulis and (d) Extrapallialfluidfrom M. edulis. SEM images of the 
covers/ips were acquired (at a constant magnification) and the number of crystals and the area of the image that 
each crystal covered analysed using the computer software Scion Image. Histograms were produced using the 
statistical package SPSs. 
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Figure 4.18 (a-i) Scanning electron micrognpbs of calcite crystals after 48 boun growth with addition of 
intncrystalline organic matrix extracts 
Calcite crystals were grown according to the Kitano Protocol (Kitano, 1962), (Section 2.11.1) with the addition of 
intracrystalline organic matrix extracts (Section 2.11.2) and prepared for SEM analysis (Section 2.11.2). (a) No extract 
added (control), (b) Addition of 2pl of sodium phosphate buffer, (C) Addition ofT. retusa intracrystalline extract. (d) 
Addition ofN. anomala intracrystalline extract and (e) Addition oft-:.. anomala intracrystalline extract. fj) Addition of 
M. edulis intracrystalline extract. (g) Addition ofM. edulis extra pallial fluid extract. (h) Addition of eggshell 
intracrystalline extract and (i) Addition of eggshell intracrystalline extract. 
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Figure 4.19 X-ray Diffraction pattern from crystals grown in the presence of M. 
eduLis intracrystalline proteins 
Crystals were grown on cover lips according to the Kitano Protocol (Kitano, 1962) 
(Section 2.11.1). Intracry talline protein extracted from M edulis shell (Section 2.8.2) was 
added to the aturated calcium carbonate solution. Coverslips were removed from the 
saturated calcium carbonate olulion after 48 hours. XRD analysis was carried out using 
a Phillips PW 1050/35 X-ray diffractometer (Section 2.3). 
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4.4 Discussion 
4.4.1 Intercrystalline and intracrystalline organic matrix composition 
By comparing the composition of organic matrix from these four different carbonate 
biominerals, we can to some extent, determine if there are any common principles that 
underlie the biomineralisation process. The characterisation of the organic matrix 
composition and the crystal ultrastructure of biominerals from different species may also 
shed light on the relationship between the organic matrix composition and crystal 
morphology. This study has characterised proteins extracted from the shells of T. retusa, 
N anomala, M edulis and G. gallus in relation to their molecular weight and charge and 
the overall amino acid composition of the total, intercrystalline and intracrystalline organic 
matrix extracts. The relationship between the organic matrix and sulphate has also been 
investigated as it is recognised that sulphated polysaccharides within the matrix may also 
have a role in the mineralisation process (Dauphin, 2003, Miyashita et al., 2000 and Yang 
et al., 2003). 
4.4.1.1 Comparison of the intercrystalline and intracrystalline organic matrix of T. 
retusa, N. anomala, M. edulis and the avian eggshell (G. gallus) 
The intercrystalline and intrarystalline organic matrix extracts of T. retusa, N anomala, M 
edulis and G. gallus contain proteins of relatively low molecular weight. 
The intercrystalline and intracrystalline protien fractions of T. retusa contain a protein with 
a molecular weight of 38kDa, which stains in silver nitrate. A less abundant protein with a 
molecular weight of 47kDa has also been identified in the intercrystalline protein fraction. 
A more abundant 39kDa protein and a 45kDa protein were identified from the 
intracrystalline organic matrix by Laing (1999), while Cusack et al., (2000) identified a 
relatively abundant 40kDa protein in the intracrystalline protein fraction of T. retusa. The 
39kDa protein described by Laing and the 40kDa protein described by Cusack et al., 
(2000) are likely to be the same protein as the 38kDa protein that has been identified in this 
study. 
The intracrystalline organic matrix of N anomala contains a relatively abundant 35kDa 
protein. Two proteins with molecular weights of 63kDa and 58kDa were identified in both 
the intercrystalline and intracrystalline protein fractions. The 35kDa protein identified in 
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the intracrystalline protein fraction was not seen in the intercrystalline protein fraction. 
Brown (1998) identified a 44kDa protein and a less abundant 60kDa protein in the 
intracrystalline fraction of N. anomala, while Cusack et al., (2000) identified a main 
protein of 40kDa from the intracrystalline fraction. Again this is likely to be the same 
protein as the 35kDa protein described here and the difference in estimated molecular 
weight is due to errors in estimating protein molecular weight from polyacrylamide gels 
(Section 4.3.2). The 63kDa and 58kDa proteins described here may also be related to the 
60kDa protein described by Brown (1998). The difference in resolution of the proteins 
may be related to the difference in acrylamide content of the polyacrylamide gels used for 
the protein separation (i.e. 15% polyacrylamide gels were used for protein separation in 
this study). As the 35kDa protein is present only in the intracrystalline fraction this 
suggests that it has a different function in the mineralisation process in relation to the 
63kDa and 58kDa proteins, which are present in both the intercrystalline and 
intracrystalline fractions. 
Two proteins of 35kDa and 26kDa are present in both the intercrystalline and 
intracrystalline protein fractions of M edulis. The intercrystalline protein fraction contains 
a number of proteins with molecular weights ranging up to 81kDa. A number of matrix 
proteins have been isolated from the shells of bivalve molluscs. Lustrin A, a framework 
protein with a molecular weight of 65kDa, has been identified in the shell of the marine 
gastropod Haliotis rufescens (Shen et al., 1997), while Samata et al., (1999) isolated a 
family of matrix proteins, N16 (16kDa) from the nacreous layer of the oyster, Pinctada 
Jucata. Soluble mollusc shell matrix proteins include nacre in with a molecular weight of 
60kDa (Miyashita et al" 1996), and perlucin (17kDa) and perlustrin (13kDa) extracted 
from the shell of Haliotis laevigata. 
The intracrystalline extract from the avian eggshell (Gallus gallus) contains proteins with a 
wide molecular weight range. A number of eggshell organic matrix proteins have been 
identified. Ovalbumin (Hincke, 1995), lysozyme and ovotransferrin (Gautron et al. 1997) 
occur at organic nucleation sites on the eggshell membrane. Proteins that have been 
extracted and characterised from the domestic fowl eggshell include Ovocleidin-17 
(Hincke et al., 1995), which has a molecular weight of I7kDa, Ovalbumin (45kDa) 
(Hincke, 1995), lysozyme (15kDa) (Gautron et al., 1997), ovocalyxin-32 (32kDa) 
(Gautron et al., 2001), ovotransferrin (80kDa) (Gautron et al., 1997). The larger molecule 
ovocleidin-116 (Mann et al., 2002) is present in two forms, a core protein without attached 
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glycosaminoglycans, which has a molecular weight of 116-120kDa and as a proteoglycan 
with a molecular weight of 180-200kDa. 
The total amino acid extracts of T retusa, N anomala, M. edulis and G. gallus are all 
enriched in glycine. The total protein extract of the brachiopods T. retusa and N. anomala 
are enriched in asparagine/aspartic acid. The eggshell has the lowest asparagines/aspartic 
acid content of the four systems but has a higher concentration of glutamine/glutamic acid. 
The total protein extract of M edulis differs from the protein extract from the two 
brachiopods in that it is enriched in both alanine and leucine. The total extract of T. retusa 
and the avian eggshell are both enriched in valine, while the protein extract from N. 
anomala and the avian eggshell are both enriched in proline. 
The intercrystalline extract of T. retusa, N. anomala, M edulis and G. gallus are all glycine 
rich. As for the total protein extracts, the avian eggshell has the lowest concentration of 
glycine of the four systems and has a higher concentration of glutamine/glutamic acid. T 
retusa and N anomala are enriched in asparagine/aspartic acid, while N anomala and M 
edulis are both enriched in leucine. 
Fibrous proteins that are rich in glycine and alanine have been identified as a major 
component of the EDT A insoluble organic matrix of molluscs (Miyashita et aI., 2000). 
Weiner and Traub (1980) suggest that these fibrous proteins provide the organic matrix 
framework core as proposed in the template model for molluscan organic matrix. Sudo et 
al., (1997) isolated two framework proteins from the shell of Pinetada fucata. Protein MSI 
60 is enriched glycine and alanine while protein (MSI 31) is rich in glycine and glutamic 
acid. The intercrystalline fraction of M edulis is also slightly more enriched in alanine 
than the intracrystalline fraction which may be explained by the presence of glycine-
alanine rich framework proteins. Hare (1963) described a high glycine, alanine and 
aspartic acid content from the organic matrix of Mytilus californianus. The overall amino 
acid composition and the ratio of acidic to basic residues extracted from M ealifornianus 
also differed between the calcite and aragonite layers. The difference in amino acid 
composition between the left and right valves of M. edulis may therefore be explained by 
differences in the ratio of calcite:aragonite between the two valves. 
The intracrystalline protein fraction of T. retusa, N. anomala, M. edulis and G. gallus are 
all glycine rich. The intracrystalline fraction of N anomala is asparagine/aspartic acid 
rich, while G. gallus is glutamine/glutamic acid rich. N. anomala and M edulis contain 
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high concentrations of serine, while M edulis contains a high concentration of proline. 
The avian eggshell is enriched in threonine and leucine. 
EDTA-soluble organic matrices extracted from a variety of invertebrate skeletons have a 
high content of acidic amino acids, in particular aspartic acid (Section 4.2.4). As discussed 
in Section 4.2.4 aspartic acid residues may have a calcium binding function and may 
therefore have an important role in skeletal formation. The template model described by 
Weiner and Hood (1975) suggests that the presence of proteins in J3-sheet conformation 
with repeat sequences of the type (Asp-Y)n where Y is commonly glycine or serine results 
in a repetitive negative charge and as such may determine the arrangement of Ca2+ ions on 
the matrix surface. Acidic proteins with calcium binding properties have also been 
extracted from the organic matrix of the eggshell of the domestic fowl. Cortivo et af 
(1982) identified a low molecular weight protein with calcium binding property that was 
related to the aspartic acid and glutamic acid residues. 
The amino acid composition of T. retusa, N anomala, M edulis and the eggshell show 
some similarities e.g. all are enriched in glycine. However, there are also differences in 
composition i.e. the marine systems all have a relatively high asparagine/aspartic acid 
content while the eggshell is enriched in glutamic acid. In all cases the proteins are acidic 
as confirmed by isoelectric focusing (Section 4.3.3). There are similarities in amino acid 
composition between species from the same phylum i.e. T. retusa and N. anomala. 
However, there are also similarities between the brachiopods and the bivalve mollusc, M 
edulis. The similarities in amino acid composition between N. anomala and M edulis are 
of particular interest due to the similarity in crystal ultrastructure. N. anomala produces 
calcite semi-nacre while M edulis produces a layer of aragonite nacre. Similarities in 
amino acid composition may therefore be indicative of matrix proteins with similar 
functions in the development of the mineral ultrastructure. 
Weiner and Traub (1984) proposed the template model for the composition of molluscan 
organic matrix in which the core of the organic matrix layers are composed of a silk-
fibroin-like protein which is covered on both surfaces by layers of soluble matrix 
components with calcium-binding properties. The amino acid data presented here suggests 
that the intercrystalline organic matrix extracted from M edulis is slightly more enriched in 
glycine than the intracrystalline organic matrix fraction. Weiner and Hood (1975) found 
that the soluble organic matrix of the molluscs Crassostrea virginica, Mercenaria 
mercenaria, Crassostrea irredescens and Nautilus pompilius were enriched in glycine and 
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aspartic acid. However, the concentration of alanine is lower than that reported in this 
study and by Hare (1963) for M californianus. The high glycine content of T. retusa and 
N anomala is in common with the high glycine content identified in the shells of other 
brachiopod species (Walton, 1992) and suggests that proteins with repeat sequences 
containing glycine may also be components of the organic matrix in these biomineral 
systems. However, little information is available on the amino acid sequences of proteins 
extracted from the organic matrices of brachiopods. Brown (1998) determined the N-
terminal sequence of a 44kDa protein from the shell of N anomala, which has been 
confirmed by this study (Section 4.3.6). 
4.4.2 Organic Matrix Carbohydrate 
When separated by SDS-PAGE, intracrystalline proteins extracted from the organic matrix 
stain in Coomassie Brilliant Blue and silver stain (Section 4.3.2). However, these protein 
bands do not stain in Acridine Orange (Section 4.3.4). Dauphin et al., (2003a) suggest that 
the Acridine Orange staining technique is sensitive to acidic sulphated sugars such as 
chondrotin sulphate, which stains easily with acridine orange, while proteins such as 
bovine serum albumin do not stain with Acridine Orange. 
The intracrystalline extracts from the T. retusa, N anomala, M edulis and G. gallus all 
stain in Acridine Orange indicating the presence of acidic sulphated sugars. The sulphated 
acidic sugar, chondroitin sulphate is associated with the soluble organic matrices of the 
bivalve molluscs Pinna and Pinctada (Dauphin et al., 2003a and Dauphin, 2003). 
Glycosaminoglycans such as dermatan sulphate and chondroitin sulphate have also been 
identified in the organic matrix of the eggshell (Nys et al., 1999 and Arias et al., 1992), 
while Arias et al., (2002) presented evidence of the effect of glycosaminoglycan 
concentration on the nucleation and morphology of calcite crystals in vitro. The presence 
of acidic sulphated sugars in the soluble organic matrices extracted from T. retusa, N 
anomala, M edulis and G. gallus suggests that these macromolecules may have an 
important role in biomineralisation which is not yet completely understood. 
Electron microprobe analysis of minor elements does not determine the phase in which the 
element is present. EPMA of the minor element concentration of T. retusa (Section 
3.3.1.2) indicates that sulphur displays a positive co variation with magnesium, strontium 
and sodium. The intercrystalline and intracrystalline organic matrix of T. retusa and the 
intracrystalline organic matrix extracts of N anomala, M edulis and the avian eggshell all 
127 
Chapter 4 Organic Matrix Composition 
stain in Acridine Orange indicating the presence of acidic sugars with associated sulphate 
(S04), (Dauphin et al., 2003a). This suggests that a proportion of the sulphur analysed by 
electron microprobe may be associated with the organic matrix. The correlation between 
sulphur and magnesium, strontium and sodium suggests that some of these elements may 
be associated with the organic phase as well as the mineral phase. In the case of N 
anomala minor element analyses indicate that sulphur does not correlate with other 
elements suggesting that, in N anomala the minor elements are not associated with the 
organic matrix. Sulphur correlates with strontium and sodium in the calcite layer of M 
edulis but does not correlate with magnesium. The differences in correlation between 
sulphur and other minor elements between the four biominerals may be the result of 
differences in the composition and structure of the organic matrix macromolecules. The 
exact location of these ions within the biomineral cannot be confirmed however, and more 
work is needed to establish if minor elements are associated with the mineral or organic 
phase in these biomineral systems. 
4.4.3 Influence of intracrystalline proteins on crystal growth 
Organic matrix proteins extracted from biomineral systems have been found to influence 
the nucleation, morphology and polymorph of calcium carbonate crystals in vitro (Wheeler 
et al., 1988, Weiss et al., 2000, Gautron et al., 1996, Belcher et al., 1996 and Falini et al., 
1996). 
In this case the addition of intracrystalline extract from N anomala and M edulis to a 
saturated calcium carbonate solution inhibited the growth of calcite in vitro. The addition 
of intracrystalline extract from T retusa did not inhibit calcite growth. Laing (1998) found 
that as the concentration of T retusa protein extract added to the calcite crystal growth 
solution increased the number of calcite crystals formed decreased. In this case the 
concentration of T retusa protein added to the crystal growth solution was low in 
comparison to the concentration of protein in extracts of N anomala, M edulis and M 
edulis extrapallial fluid. At higher concentrations the addition of T retusa soluble organic 
matrix may inhibit calcite formation. 
The addition of soluble organic matrix proteins from molluscs also induces crystal 
nucleation (Roque et al., 2004 and Weiss et al., 2000). The addition of M edulis acidic 
organic matrix proteins induced the nucleation of calcite and vaterite crystals in vitro 
(Roque et al., 2004). In this case the product of the addition of M edulis soluble matrix 
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proteins to a calcium carbonate growth solution was amorphous. It should be noted 
however that the difference in results between in vitro crystallisation experiments might in 
part be due to the different methods used for calcium carbonate crystallisation in vitro. 
The addition of intracrystalline organic matrix from each system and extrapallial fluid from 
M edulis also influenced crystal morphology (Figure 4.18). The morphology of crystals 
grown in the presence of protein extracts from each system varied. In the presence of T. 
retusa intracrystalline protein, crystals were present as clusters and displayed pitted 
surfaces. The addition of protein extracted from N anomala produced small crystals that 
displayed secondary growth on the surface. With the addition of M edulis organic matrix 
the crystals were amorphous while the extrapallial fluid extract produced crystal clusters. 
The addition of eggshell intracrystalline proteins produced smaller crystals with a layered 
structure. Due to the low quantity of protein available these experiments are preliminary 
and should be replicated to confirm the results. 
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5.1 Aims of the Study 
This study aimed to consider the extent to which calcium carbonate biominerals that are 
distinct in appearance are of similar composition. The minor element and organic 
matrix composition, in particular the protein component of the shells, of three marine 
invertebrates and an avian eggshell have been characterised in order to compare their 
components. The biomineral systems include an articulated brachiopod Terebratulina 
retusa, an inarticulated brachiopod Novocrania anomala, and the bivalve mollusc 
Mytilus edulis, and a fourth outlying system, the eggshell of the domestic fowl, Gallus 
gallus. Together they comprise a range of ultrastructures and two types of calcium 
carbonate polymorph: calcite and aragonite. G. gallus is formed under very different 
environmental conditions than the marine biominerals. 
The following chapter summarises the main findings of this study and discusses the 
biomineral components and mineralisation processes involved in the formation of each 
system. For detailed results and discussion on individual topics the reader is referred to 
the appropriate chapter. Chapter 3 outlines the distribution of minor elements within the 
context of the ultrastructure and polymorph type of the mineral phase. Chapter 4 details 
the molecular weight, charge and amino acid composition of intercrystalline and 
intracrystalline proteins extracted from the four systems. The carbohydrate content of 
the organic matrix and its role in the biomineralisation process is also discussed in 
Chapter 4. 
5.2 The Four Biomineral Systems 
The brachiopods, T. retusa and N anomala were collected from the same location at a 
depth of 200m in the Firth of Lome off the coast of Oban, NW Scotland. Specimens of 
T. retusa and N anomala have developed under the same environmental conditions i.e. 
water temperature and salinity, throughout ontogeny. The bivalve M edulis although 
also taken from a marine environment is likely to have been subjected to different 
environmental conditions to the two brachiopods as it is found in shallower water in 
which there are greater fluctuations in temperature and salinity. In contrast to the 
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marine systems the eggshell is formed rapidly i.e. approximately 3g of calcite IS 
deposited within 24 hours, in a controlled constant temperature environment. 
5.2.1 Mineral Ultrastructure and Polymorph Type 
The shell of T retusa consists of an outer primary layer composed of acicular calcite 
with a thicker underlying secondary layer of calcite fibres (Figure 3.1). The shell of N 
anomala also comprises two layers; a thin primary layer of acicular calcite and a 
secondary layer composed of calcite semi-nacre (Figure 3.12). My/ilus edulis shell is 
composed of two ca1cium carbonate polymorphs, calcite and aragonite. The outer layer 
of the shell is prismatic calcite while the inner layer is composed of aragonite nacre 
(Figure 3.23). The calcite eggshell of the domestic fowl comprises six regions (Figure 
3.33). The inner shell is lined with an organic membrane upon which initial crystal 
nucleation takes place forming the mammillary caps. The mammillary caps eventual1y 
fuse and are overlain by the palisade layer and the vertical crystal layer, which 
comprises calcite columns aligned perpendicular to the palisade layer. The outer cuticle 
is composed of organic material and hydroxyapatite crystals (Dennis et al., 1996). 
5.3 Minor Element Concentration and Distribution 
Relation to Mineral Ultrastructure 
. In 
In Chapter 3, the distribution of the minor elements, magnesium, sulphur, sodium, 
strontium and in some instances, phosphorus is discussed in context of the mineral 
ultrastructure. Any relationships between crystal ultrastructure and minor element 
composition can therefore be determined. 
Mg/Ca ratio in the shells of marine invertebrates has mainly been of interest due to its 
potential as a palaeoseawater thermometer (Watannabe et al., 2000, Lear et al., 2002, 
Lear et al., 2000). Analysis of shell chemistry may also provide clues as to the 
processes involved in biomineralisation (Lowenstam and Weiner, 1989). In the four 
systems discussed here, magnesium is present at different concentrations and displays a 
variety of distribution patterns. T re/usa and N anomala were collected from the same 
location, yet T retusa produces a low magnesium calcite shell, (Section 3.3.1.2) while 
N anomala produces a high magnesium calcite shell, (Section 3.3.2.2). This suggests 
that differences in magnesium concentration between the two brachiopods reflect 
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biological rather than environmental factors. In the shell of T retusa, the greatest 
concentration of magnesium is found in the primary layer and decreases across the 
primary/secondary layer boundary (Figure 3.6). Within the secondary layer there is also 
a decrease in magnesium concentration from the outer to the inner part of the secondary 
layer (Figure 3.6b). In N anomala, magnesium concentrations across both the primary 
and secondary layers of the shell are relatively invariant and there is no significant 
difference in overall magnesium concentrations between the primary and secondary 
layers (Figure 3.17 and Table 3.4). The patterns of magnesium distribution in T retusa 
and N anomala therefore show that ultrastructure is not the main determinant of 
variations in shell chemistry in these brachiopods. In M edulis, concentrations of 
magnesium in each layer are detennined by the calcium carbonate polymorph present. 
Owing to similarities in ionic size and charge, Mg2+ can substitute for Ca2+ in the calcite 
lattice. However, it substitutes less readily for Ca2+ in the more open orthorombic 
lattice of aragonite. Therefore, magnesium concentration is consistently higher in the 
calcite than aragonite layer of M edulis. There is variation in magnesium distribution 
within the calcite layer of M edulis and the distribution pattern can vary between 
individuals (Figure 3.29). Magnesium concentration in the eggshell changes as the 
ultrastructure changes. The eggshell displays a high concentration of magnesium in the 
mammillary caps, which are fonned at the start of lay but decreases across the zone in 
which the mammillary caps fuse and then increases gradually through the palisade layer 
and vertical crystal layer to the cuticle. However the abrupt change from the palisade 
layer to the vertical crystal layer is not apparent in magnesium concentration, which 
changes gradually from the inner to the outer shell surface. 
It has been suggested that incorporation of Mg2+ into calcite is related to growth rate 
(Major and Wilber, 1991, Burton and Walter, 1987). At slow growth rates the mineral 
system has time to equilibrate and thus discriminate against ions such as Mg2+. In 
contrast fast growth rates result in a higher rate of substitution of Mg2+ for Ca2+. The 
results of this study suggest that, although this may apply to some biotic systems 
(Buenning and Carlson, 1992), it does not apply to others. The primary layer of T 
retusa is fonned quickly and has a higher concentration of magnesium than the 
secondary layer. The overall concentration of magnesium decreases from the primary 
layer through the secondary layer to the inner surface of the T retusa shell in 
correspondence with a decline in growth rate throughout ontogeny (Curry, 1982). This 
supports the suggestion that growth rate influences the concentration and distribution of 
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magnesium. If a physical process such as precipitation rate is the principal influence on 
the concentration of magnesium in calcite it might be expected that it would influence 
magnesium concentration in all calcite biomineral systems. However, N anomala is a 
slow growing brachiopod with a shell composed of high magnesium calcite (Ruggiero, 
2001). While the bivalve M edulis secretes its shell faster than the brachiopod T retusa 
it has a lower concentration of magnesium in the calcite layer of the shell than that 
found within the shell of T. retusa. In the case of the eggshell, growth rate may have an 
influence on the uptake of magnesium but further work is required to determine the 
precipitation rate of the calcite during various stages of eggshell formation. 
Temperature may also exert a control over the MglCa and Sr/Ca values of calcium 
carbonate (Rosenthal et al., 1997, Lea et al., 1999, Beck et al., 1992). There is an 
exponential relationship between seawater temperature and the concentration of 
magnesium in the skeletons of marine invertebrates including benthic foraminifera 
(Rosenthal et al., 1997, Nurnberg et al., 1997 and Lea et al., 1999), while an 
exponential relationship has also been found in some species of recent articulated 
brachiopod (Lowenstam, 1961, Lowenstam and Weiner, 1989). The relationship 
between strontium concentration and seawater temperature in the shells of articulated 
and inarticulated brachiopods differed. In articulated brachiopods strontium is 
positively correlated with temperature, whereas the shells of inarticulated brachiopods 
(Craniidae) show a negative correlation (Lowenstam and Weiner, 1989). A negative 
correlation between Sr/Ca and temperature is also found in aragonite coral skeletons 
(Beck et al., 1992). 
Samples of T. retusa and N anomala studied here grew in the same environment but 
have significantly different concentrations of magnesium within their shells. Therefore, 
temperature cannot be the main control on magnesium incorporation into the calcite 
shel1s of these brachiopods. Temperature is also not the primary control on magnesium 
incorporation in the avian eggshell. The eggshell is formed in a constant temperature 
environment yet has a range of Mg concentrations. Even though results of this study 
demonstrate temperature is not the principal control on magnesium incorporation in the 
four systems studied, the role of temperature in determining the uptake of magnesium 
into marine calcite biominerals cannot be dismissed. Finer resolution analyses combined 
with detailed environmental data would be needed to determine if there is an underlying 
correlation between temperature and magnesium/strontium concentration. 
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Spatial variations in minor and trace element concentration of the shell of M edulis 
have been related to spatial variation in metabolic activity of the mantle (Rosenberg et 
al. 1991). Areas of the shell that are rich in minor elements and organic matrix are 
metabolically expensive to produce and are therefore linked to the areas of the mantle 
that have a high metabolic activity (Rosenberg et al., 1991). Although this hypothesis 
cannot be confirmed by results of this study, the impact of metabolic activity on shell 
chemistry should not be ignored. The marginal mantle of T. transversa, which produces 
the primary and upper secondary layers of the shell, has a higher metabolic activity than 
the posterior mantle which produces the lower secondary layer (Rosenberg et al. 1988 
and Auclair et af. 2003). If these variations in mantle metabolic activity are also present 
in T. retusa then areas of the shell that are relatively rich in minor elements i.e. the 
primary and upper secondary layers are secreted by mantle with a high metabolic 
activity. Differences in the physiology and biomineralisation mechanisms of molluscs 
and brachiopods make it difficult to make comparisons between the two phyla. More 
work is required on the metabolism of brachiopods and its role in determining shell 
composition and development. 
If extant marine invertebrates are passive in relation to the uptake of elements from 
seawater, it would be expected that they will produce high magnesium calcite skeletons 
reflecting present high marine Mg/Ca values (Stanley et af., 2002 and Hardie, 1996). 
Stanley et al., (2002) suggest that this is indeed the case for simple organisms such as 
algae in which the composition of the biomineral appears to change with variations in 
solution composition. Therefore, modem marine invertebrates that produce low 
magnesium calcite skeletons such as M edulis must employ physiological mechanisms 
for the exclusion of magnesium (Lorens and Bender, 1977 and Nurnberg et al. 1996). 
However, the brachiopod N anomala produces a high magnesium calcite skeleton. 
Lowenstam and Weiner (1989) found that the trace element content of the shells of 
inarticulated brachiopods (Craniidae) is in eqUilibrium with the seawater. As this is not 
the case for the trace element content of articulated brachiopod shells it suggests that 
inarticulated brachiopods such as N anomala do not have the same physiological 
mechanisms in place to exclude magnesium from their tissues. 
Variations in chemistry across the shell of G. gallus (Section 3.3.4.2) may simply be 
related to changes in the composition of the uterine fluid from which the shell 
precipitates. The pattern of magnesium, sodium, potassium and phosphorus 
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concentration throughout the eggshell appears to correlate with the concentration of 
these elements in the uterine fluid as reported by Arad et al., (1989) and Nys et ai., 
(1991 and 1999), (Section 3.4.3). 
The influence of magnesium ions on the morphology of carbonate crystals (Meldrum 
and Hyde, 2001 and Loste et ai., 2003), and the effect of magnesium on calcite 
precipitation rate have been established (Hincke and St. Maurice, 1998). Hincke and St. 
Maurice (1998) found that the addition of magnesium to a calcium carbonate crystal 
growth solution accelerated the onset of calcite precipitation but inhibited the maximum 
rate of precipitation with respect to the control experiment. The addition of phosphate 
ions also inhibited the maximum rate of calcite precipitation. If the chemical 
composition of the eggshell is related to the composition of the uterine fluid then 
changes in ionic composition of the uterine fluid during lay may be a fundamental 
mechanism for controlling calcite precipitation rates and crystal morphologies of G. 
gallus shells. 
There are good correlations between the concentrations of certain chemical elements 
within the four systems. In T retusa and the calcite layer of M edulis, strontium 
displays a positive correlation with sodium (Figure 3.8 and Figure 3.30). Determining 
the location of Na+ within the calcite lattice is difficult as sodium is monovalent and 
therefore not expected to substitute for Ca2+. It is possible that Na+ sits in interstitial 
spaces in the lattice. If this is the case, the substitution of the larger Sr2+ ion for Ca2+ in 
the calcite lattice may result in lattice defects due to the differences in ionic size into 
which Na+ can be accommodated. In the calcite layer of M edulis, strontium and 
sodium both correlate positively with sulphur, while magnesium, strontium and sodium 
display a positive correlation with sulphur in the shell of T retusa. If sulphur is 
associated with the organic matrix, as has been found in molluscs such as Pinna and 
Pinetada (Dauphin et ai., 2003a), then the correlation between sulphur and other 
elements suggests that these elements are also associated with the organic matrix in both 
T. retusa and M edulis (Section 3.4.1 and Section 3.4.2). 
There are no good correlations between elements in the shell of N anomala (Figure 
3.18). As sulphur does not correlate with any of the other elements this suggests that 
elements are not associated with the organic matrix and are accommodated within the 
lattice. The difference in lattice structure of high magnesium calcite and low 
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magnesium calcite may also explain some differences in element concentration between 
N anornala and T retusa. However, the principal differences in element concentration 
between the two brachiopods probably relate to differences in physiology (Section 
3.4.1 ). 
5.4 Minor Element Distribution in Relation to the Distribution 
of Organic Matrix 
Sulphur is a good measure of the distribution of organic matrix within calcium 
carbonate biominerals (Dauphin et al., 2003a, Lorens and Bender, 1980). In the shell of 
T. ret usa, sodium, strontium and magnesium all correlate positively with sulphur, while 
in the calcite layer of M edulis sodium and strontium positively correlate with sulphur. 
However, this trend is not evident in the high Mg-calcite shell of N anomala. 
Sulphur is present in the shells of the molluscs Pinna and Pinctada predominantly as 
sUlphate associated with the organic matrices (Dauphin et al., 2003a). Lorens and 
Bender (1980) and Vander Purten et al., (2000) suggest that sulphur may be associated 
with the organic matrix of M edulis. Organic matrices extracted from T retusa, N 
anornaia, M edulis and G. gallus all stain with Acridine Orange, which indicates the 
presence of acidic sulphated sugars (Dauphin et al., 2003a). In each system sulphur is 
associated with the organic component of the shell (Section 4.3.4), therefore correlation 
between sulphur and other elements may indicate that these elements are also associated 
with the organic matrix. 
Magnesium and sodium may be present in the aragonite skeleton as MgS04 and NaS04-
and are not associated with the organic matrix in significant concentrations (Mitsuguchi 
et al., 2001). The association of magnesium and sodium with 804 in the mineral phase 
in the shells of T retusa and M edulis cannot be dismissed. 
5.5 Organic Matrix Composition 
The organic matrix of T. retusa, N. anornala, M edulis and the avian eggshell, a]) 
contain small, acidic proteins as confirmed by gel electrophoresis (Section 4.3.2) and 
isoelectric focusing (Figure 4.7). The presence of acidic proteins in the soluble organic 
matrix is a common factor in calcium carbonate biominerals. These acidic proteins may 
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have a calcium-binding function in the biomineralisation process (Weiner et al. 1983, 
Weiner and Hood, 1975, Weiner and Traub, 1984). The role of these acidic matrix 
components in controlling the nucleation, morphology and crystal stucture of the 
mineral has also been confirmed by in vitro studies (Albeck et al., 1993, Belcher et al. 
1996, Greenfield and Crenshaw, 1989, Falini et al. 1996, Feng et al. 2000). The soluble 
organic matrix of the marine invertebrates T retusa, N anomala and M edulis are all 
acidic as confirmed by isoelectric focusing (Section 4.3.3), while the organic matrix of 
the marine invertebrates is enriched in aspartic acid with respect to the eggshell which 
has a higher content of glutamic acid. Even though the organic matrix macromolecules 
display some similarities i.e. they are all acidic, they show some differences in terms of 
their overall amino acid composition. The three marine invertebrates are enriched in 
aspartic acid with respect to the eggshell which has a higher concentration of glutamic 
acid while M edulis is enriched in alanine with respect to the other three systems. 
However, all four systems have a high glycine content. Fernandez et at., (2004) noted 
that there are insufficient similarities between the amino acid sequences of eggshells and 
seashells to indicate that they have common mechanisms for regulating crystal growth. 
The carbohydrate component of the organic matrix may also have an important role in 
biomineralisation. The organic matrix of T retusa, N anomala, M edulis and G. gal/us 
all contain sulphated sugars (Section 4.3.4). Glycosaminoglycans have also been found 
in the organic matrices of the molluscs, Pinna and Pincatada (Dauphin et al. 2003a) and 
the avian eggshell (Nys et al., 1999). The common occurrence of sulphated sugars such 
as chondroitin sulphate and dermatan sulphate in the organic matrices of calcium 
carbonate biominerals suggests that these macromolecules may be involved in the 
biomineralisation process. 
5.6 Calcium Carbonate Biomineralisation 
Systems- Common Mechanisms? 
. In Disparate 
The four calcium carbonate biomineral systems differ in appearance, ultrastructure and 
in some cases crystal structure i.e. M edulis. The minor element composition of the 
shells of T re/usa, N anomala, M edulis and G. gallus do not clearly correspond with 
differences in ultrastructure. Contrasts in minor element composition between the two 
brachiopods are possibly to be related to differences in physiology. In particular, the fact 
that T. re/usa has a low magnesium calcite shell while N anomala has a high 
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magnesium calcite shell suggests that N. anomala lacks the ability to exclude 
magnesium from its tissues, a physiological mechanism that is prevalent in organisms 
which secrete low magnesium calcite skeletons in present day aragonite seas. In M. 
edulis crystal structure is the principal determinant of the distribution of minor elements. 
Metabolic processes and fluctuations in environmental conditions (i.e. temperature and 
salinity) may also influence the chemical composition of the shell (Rosenberg and 
Hughes, 1991 and Vander Putten et al., 2000). The incorporation of minor elements 
into the shell of G. gallus is similar to that of N. anomala in being related to the passive 
uptake of elements from the mineralising medium. However in the case of G. gallus, 
the ionic composition of the uterine fluid is regulated. which suggests that ions such as 
Mg2+ and p+ may have an active role in the growth and development of the shell. It is 
also possible that elements such as magnesium are associated with the organic matrix in 
some biomineral system, for example T. retusa and M edulis. Differences in the 
structure and composition of the matrix macromolecules may therefore be reflected in 
the association of these elements with sulphur (i.e. sulphated macromolecules in the 
organic matrix). In conclusion, the results of this study suggest that there may be 
similarities between some calcium carbonate biomineral systems such as metabolic 
influence on shell chemistry and the ability to control the ionic composition of the 
mineralising medium, but there is not an underlying mechanism that controls the 
inorganic shell chemistry in all four systems. 
The proteins extracted from the shells of T. retusa, N. anomala, M edulis and G. gallus 
are small (Section 4.3.2) and all are acidic (Section 4.3.3). The amino acid 
compositions of the four systems display similarities and differences (e.g. all have a 
high glycine content), while the eggshell differs from the shells of T. relusa. N. anomala 
and M edulis in that glutamic acid is present in higher concentration than aspartic acid. 
All four systems contain sulphated sugars (Section 4.3.4). Arias and Fernandez (2003) 
and Dauphin et al., (2003) also recognised a common occurrence of sulphated 
macromolecules (proteoglycans) in the eggshell and marine invertebrate shells, which 
suggests that these macromolecules may have an important role in the formation of 
calcium carbonate biominerals. 
The organic components of the shells of T. retusa, N. anomala, M edulis and G. gallus 
display some superficial biochemical similarities which suggest that there are common 
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underlying mechanisms involved in the interaction of the organic matrix with the 
biomineral, however in detail the protein profiles from each system are ultimately 
different. 
5.7 Suggestions for Further Work 
Future work on the minor and trace element composition of these four systems should 
aim to determine whether individual elements are coordinated with the organic matrix or 
are present within the mineral lattice. Detailed analyses of the shell crystal structure 
using Electron Backscatter Diffraction (EBSD) together with high-resolution chemical 
maps produced by Scanning X-ray Microscopy (XANES) may shed light on this 
problem. In the case of the marine systems trace element data might also be correlated 
with environmental conditions e.g. temperature and salinity in order to determine the 
effect of environmental variations on the uptake of elements into the shells. Electron 
microprobe analyses of the G. gallus eggshell indicate that variations in the minor and 
trace element composition of the shell may be related to changes in uterine fluid 
composition. Detailed work should therefore be undertaken to establish if shell 
chemistry is primarily a function of the composition of the uterine fluid. 
Cathodoluminescence spectroscopy is a new technique for the study of biominerals. 
Further development of this method could provide a powerful tool for the analysis of 
carbonate biomineral composition. In particular, correlation of the wavelengths of 
luminescence emitted in relation to the distribution of elements within a system would 
provide a method for detailed chemical analysis. 
Little work has been undertaken on the amino sequence of proteins within the organic 
matrix of brachiopods. This has hindered attempts to determine whether these proteins 
display homology with other biomineralisation proteins. An attempt should be made 
therefore to determine the amino acid sequences of these proteins. This may also be of 
use in evolutionary studies. 
Detailed crystal growth experiments with the addition of proteins extracted from the 
four systems should be undertaken with the addition of different protein concentrations. 
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Common 
Mechanisms? 
Itrastructure 
Minor 
Elements 
(Mg) 
Intracrystalline 
Proteins 
Terebratlllina ret usa 
<II 38kDa 
Novocrania anomala Mytilus edulis 
• 43kDa 
... 35kDa 
• 35kDa 
• 26kDa 
... 13kDa 
Gallus gallus 
• 70kDa 
... 58kDa 
· ... 45kDa 
· • 38kDa 
· • 30kDa 
• 24kDa 
· ... 18kDa 
Characteristics 
Four calcium carbonate 
biominerals. Different 
in appearance, 
ultrastructure and 
crystal structure-
common chemical and 
biochemical 
characterist ics? 
Variety of 
Ultrastructures 
No characteristics 
common to all 
systems. 
Different element 
distri butions 
Some 
characteristics 
common to all 
systems. 
Small acidic 
proteins. 
All contain 
sulphated sugars 
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Appendix A 
Materials 
Item 
Milli Q TM water 
Guanidine hydrochloride 
Tris buffer 
Benzamidine-HCI 
N-cthylmaleimide 
Phenyl methyl sulphonyl fluoride 
Sodium Phosphate 
Ethylene diamine tetra acetic acid (EDT A) 
Minitan TM Tangential Flow Ultrafiltration System 
Centriprep TM Concentrators 
Microcon TM Concentrators 
Acrylamidelbisacrylamide (40% solution) 
Ammonium persulphate (APS) 
Tetramethylcthanc (TEMED) 
Sodium dodecyl sulphate (SDS) 
Glycerol 
ll-Mercaptoethanol 
Bromophenol Blue 
Unstained Proteins of known molecular weight 
Full range proteins of known molecular weight 
Low Molecular weight protein standards 
Coomassie Brilliant Blue 
Methanol 
Acetic Acid 
Dithiothreitol 
Silver nitrate 
Sodium Ten Dccahydrate 
Fonnaldehyde 
Acridine Orange 
HydrochloricAcid (Amino acid analysis) 
K3EDTA 
Polyvinylidine fluoride (Problott) Membrane 
CAPS butTer 
Ethanol 
Calcium carbonate 
Carbon dioxide 
Supplier 
Millipore 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Millipore 
Millipore 
Millipore 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Amersham Life Science 
GibcoBRL Life Technologies 
Sigma 
BDH 
Fisher 
Sigma 
Sigma 
BDH 
Sigma 
Sigma 
Applied Biosystems 
Applied Biosystems 
Applied Biosystems 
Sigma 
BDH 
Sigma 
BOC 
xvi 
Appendix B MkroproM A.aly5a npressed as carbonates 
T enblYlllllJIIII TfflISIl 
Sample I 
.... Pz(COJ}, SiC('O).1 SC('O)h Ml(co). caCco)) Ma(CO)) Fe(CO,) Sr(C03) Naz{C03) Kz{CO,) Total 
I 0.212 0.024 1 466 5347 91.782 0.000 0.013 0.253 0.751 0.000 99.848 
2 0.270 0026 I 413 4.053 90.900 0.000 0.000 0.244 0.809 0.039 97.754 
3 0.176 0014 I 267 3.450 84.695 0.011 0.000 0.203 0.800 0.016 90.632 
4 0.205 0028 0907 1.399 96.020 0.000 0.000 0.162 0.589 0.009 99.319 
5 0.181 0019 08n 1.044 97.609 0.008 0.000 0.178 0.538 0.003 100.457 
6 0.199 0027 0906 0.976 97.026 0.013 0.051 0.142 0.538 0.018 99.896 
99.771 
99.841 
99.053 
99.081 
99.132 
99.059 
98.867 
99.337 
98.833 
99.381 
98.801 
99.432 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
0.222 
0.293 
0.121 
0.018 
0.029 
0.070 
0.1211 
0.053 
0.070 
0.053 
0.093 
0.000 
0.193 
0.041 
0.134 
0.064 
0.111 
0.082 
0.053 
0.059 
0073 
0018 
o 000 
0.020 
0033 
0026 
0.003 
0.022 
o Oil 
0.008 
0044 
0000 
2393 
0087 
0022 
0.010 
0020 
00111 
0.222 
0.036 
1072 
0Q49 
0641 
0756 
o 7~2 
0727 
on3 
0.757 
0.884 
0.744 
o 7~7 
0.921 
0913 
01168 
0922 
I 136 
I 327 
1.292 
1.573 
1443 
1.467 
2.576 
0.671 
0.546 
0.640 
0.518 
0.641 
0.736 
0.876 
0.758 
0.749 
0.693 
0.549 
0.740 
0.683 
0.753 
0.919 
0.963 
1.1116 
3.112 
96.142 
95.152 
96.914 
96.857 
96.824 
96.985 
96.502 
96.972 
96.063 
96.975 
96.309 
96.935 
79.070 
95.679 
96.088 
95.241 
95.405 
95.367 
95.007 
93.205 
0.012 
0.000 
0.000 
0.039 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.018 
0.040 
0.000 
0.000 
0.000 
0.013 
0.000 
0.001 
0.016 
0.000 
0.000 
0.000 
O.ot5 
0.000 
0.005 
0.000 
0.009 
0.000 
0.038 
O.oIl 
0.000 
0.000 
0.044 
0.000 
0.000 
0.000 
0.000 
0.000 
0.012 
0.000 
0.146 
0.193 
0.173 
0.209 
0.223 
0.130 
0.206 
0.202 
0.218 
0.205 
0.190 
0.194 
0.152 
0.224 
0.206 
0.256 
0.239 
0.248 
0.272 
0.268 
0.605 
0.650 
0.495 
0.614 
0.606 
0.602 
0.589 
0.595 
0.659 
0.626 
0.637 
0.645 
0.497 
0.628 
0.702 
0.680 
0.723 
0.750 
0.713 
0.760 
0.032 
0.010 
0.016 
0.022 
0.020 
0.001 
0.016 
0.000 
0.012 
0.001 
0.004 
0.004 
0.003 
0.009 
0.029 
0.000 
0.019 
0.018 
0.034 
0.013 
83.814 punctae 
98.276 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
IS 
16 
17 
II 
19 
20 
21 
22 
23 
24 
0.246 
0.199 
0.094 
0.199 
0.416 
0.375 
0.211 
0.111 
0.129 
0.076 
0.000 
0.011 
0.076 
0.041 
0.000 
0.012 
0.051 
0.357 
0.064 
0.100 
0.000 
0.000 
0.105 
0.093 
0022 
0039 
0015 
0.000 
0000 
0.016 
0.043 
0.023 
0017 
0.053 
0051 
0055 
0033 
0000 
0031 
0021 
0050 
0031 
0.042 
0020 
0032 
0.161 
0000 
0029 
1319 
1.307 
1.247 
1.052 
\313 
1.054 
0.708 
0902 
0716 
0.691 
0736 
0.601 
0733 
0811 
0819 
0199 
I 109 
1012 
09110 
OIlS 
0136 
0.903 
1169 
oln 
2353 
1.923 
1.119 
1.657 
2.593 
2.547 
0.724 
0.736 
0.741 
0.625 
0.590 
0.559 
0.735 
0.1165 
0.750 
1.012 
1.046 
1561 
tOOl 
1.160 
0918 
0.972 
1.096 
0.873 
90.649 
95.677 
93.1161 
95.951 
94.423 
94.880 
97.003 
96.570 
97.299 
96.662 
97.680 
96.938 
96.816 
96.796 
96.601 
95.900 
96.230 
95.874 
96.830 
96.711 
96.629 
94.817 
95.4" 
81.138 
0.019 
0.000 
0.000 
0.019 
0.065 
0.015 
0.029 
0.000 
0.000 
0.010 
0.019 
0.042 
0.048 
0.000 
0.016 
0.007 
0.028 
0.045 
0.034 
0.010 
0.073 
0.057 
0.000 
0.000 
0.026 
0.033 
0.007 
0.017 
0.056 
0.000 
0.000 
0.001 
0.000 
0.000 
0.024 
0.000 
0.024 
0.000 
0.003 
0.007 
0.003 
0.000 
0.021 
0.045 
0.008 
0.008 
0.047 
0.000 
0.177 
0.202 
0.190 
0.190 
0.205 
0.183 
0.165 
0.228 
0.195 
0.199 
0.195 
0.162 
0.208 
0.166 
0.198 
0.207 
0.195 
0.217 
0.187 
0.196 
0.157 
0.200 
0.208 
0.161 
0.550 
0.623 
0.604 
0.523 
0.650 
0.606 
0.596 
0.507 
0.588 
0.652 
0.506 
0.545 
0.660 
0.668 
0.655 
0.711 
0.744 
0.724 
0.584 
0.645 
0.589 
0.604 
0.784 
0.586 
0.008 
0.006 
0.025 
0.013 
0.008 
0.025 
0.001 
0.000 
0.015 
0.018 
0.000 
0.000 
0.006 
0.009 
0.000 
0.016 
0.014 
0.000 
0.015 
0.007 
0.023 
0.004 
0.020 
0.010 
98.786 
98.153 
98.763 
98.739 
99.088 
98.896 
95.369 
100.009 
97.162 
99.621 
99.729 
99.701 
99.480 
99.078 
99.707 
98.986 
99.801 
98.997 
99.339 
99.356 
99.150 
98.799 
99.477 
99.891 
99.758 
99.719 
99.265 
97.726 
98.917 
83.767 
xvii 
I 0.223 0021 01163 I 109 96.406 0.016 0.024 0.169 0.532 0.019 
2 O.IOS 0.475 I 024 0.835 91.896 0.000 0.222 0.164 0.568 0.004 
3 0.105 0003 0949 o.nl 96.280 0.021 0.035 0.173 0.539 0.004 
4 0.187 0 000 0981 0.854 95.024 0.000 0.064 0.121 0.545 0.0 \3 
5 0.117 0014 1216 1.464 89.562 0.005 0.059 0.176 0.716 0.034 
6 0.20S 0006 I 7,.. 2.5 II 93.273 0.023 0.084 0.205 0.872 0.016 
7 0.194 OOS7 I 598 3.130 93.325 0.067 0.063 0.234 0.843 0.029 
I 0.165 0.027 I 528 3.766 92.551 0.024 0.0\8 0.282 0.952 0.015 
9 
JO 
II 
12 
\3 
14 
15 
16 
17 
II 
19 
20 
21 
22 
23 
24 
25 
26 
27 
21 
29 
30 
31 
32 
33 
J.4 
0.047 
0136 
0.304 
0.047 
0.135 
0.211 
0.082 
0.082 
0.105 
O.IOS 
0.146 
0.064 
0.213 
0.094 
0.059 
0.082 
0.094 
0.047 
0.0111 
0.047 
0.082 
0.0511 
0.023 
O.IOS 
0.023 
0.047 
35 0.070 
Sample 2 
I 
2 
3 
4 
S 
6 
7 
I 
9 
10 
II 
12 
13 
14 
IS 
16 
11 
II 
19 
20 
21 
22 
0.029 
0.000 
0.041 
0.000 
0.076 
0.105 
0.075 
0.041 
0.151 
0.047 
0.029 
0000 
0.051 
0.0\1 
0.023 
0.017 
0.093 
0.035 
0.134 
0.110 
0163 
0.256 
00111 
00811 
0018 
0012 
0081 
0050 
0000 
0.024 
0.031 
00111 
0023 
o 149 
3659 
0743 
0.124 
0016 
0061 
0040 
0012 
0005 
0050 
0024 
0000 
0063 
0055 
0063 
0077 
0073 
0.041 
0041 
0.025 
0037 
0009 
0055 
0.061 
0000 
0133 
O.04S 
0066 
0062 
0.062 
0052 
0B44 
0000 
0018 
0009 
0019 
0063 
0040 
I 755 
0539 
1003 
0713 
0936 
1.016 
1035 
0899 
0.1165 
01162 
1140 
0.253 
0670 
09711 
1.049 
I 163 
I 102 
0729 
01103 
0920 
1425 
0546 
0620 
0798 
OUS 
0.11711 
1110 
1431 
1076 
01148 
0799 
09« 
0824 
1031 
1.014 
09110 
0165 
0.762 
0828 
0667 
0.8119 
0872 
0927 
0.823 
0713 
0169 
0933 
01161 
0650 
4404 
1.857 
1310 
0.714 
0823 
0.719 
0.725 
0658 
OMS 
0.604 
0.697 
0.199 
0.659 
0630 
0.661 
0.764 
0.8117 
0.641 
0.673 
0.59S 
0.962 
0.419 
0476 
0.491 
0510 
0.620 
07511 
1.9« 
1.307 
0.886 
0.777 
0.919 
0.1174 
0.984 
0.920 
I III 
0153 
0.832 
0861 
0773 
0110 
0.839 
0734 
0.832 
0767 
0.699 
0.747 
0.1141 
0.662 
91.172 
32.343 
93.837 
88.993 
96.514 
94.195 
93.708 
90.195 
96.165 
96.119 
96.339 
28.667 
51.390 
93200 
95.908 
95.165 
95.564 
97.356 
95.1123 
96.619 
94.872 
96.ln 
96.315 
96.859 
95.100 
96.115 
94.491 
93.875 
95.087 
95.092 
96.646 
95.690 
95.978 
95.851 
96.217 
95.610 
18.160 
95.751 
95.795 
96.573 
96.308 
96.234 
96.163 
97.390 
97.152 
97.211 
97.362 
97.385 
98.235 
0.042 
0.000 
0.042 
0.001 
0.029 
0.024 
0.002 
0.000 
0.000 
0.004 
0.000 
0.029 
0.019 
0.000 
0.000 
0.069 
0.000 
0.025 
0.007 
0.000 
0.035 
0.000 
0.037 
0.033 
0.000 
0.000 
0.000 
0.000 
0.060 
0.080 
0.000 
0.000 
0.030 
0.000 
0.002 
0.000 
0.031 
0.000 
0.019 
0.000 
0.006 
0.020 
0.020 
0.041 
0.002 
0.031 
0.000 
0.025 
0.071 
0.024 
0.000 
0.021 
0.020 
0.005 
0.040 
0.099 
0.034 
0.0\1 
0.020 
0.000 
0.026 
0.120 
0.002 
0.000 
0.007 
0.000 
0.000 
0.037 
0.000 
0.032 
0.000 
0.000 
0.027 
0.003 
0.000 
0.004 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.060 
0.010 
0.01l 
0.000 
0.001 
0.000 
0.003 
0.000 
0.000 
0.010 
0.000 
0.020 
0.005 
0.010 
0.014 
0.000 
0.288 
0.121 
0.113 
0.144 
0.163 
0.148 
0.144 
0.\30 
0.169 
0.188 
0.169 
0.060 
0.072 
0.119 
0.208 
0.184 
0.218 
0.186 
0.206 
0.199 
0.179 
0.174 
0.193 
0.157 
0.168 
0.152 
0.219 
0.284 
0.266 
0.233 
0.230 
0.221 
0.230 
0.228 
0.220 
0.214 
0.000 
0.200 
0.185 
0.243 
0.212 
0.185 
0.2\3 
0.174 
0.215 
0.175 
0.117 
0.182 
0.207 
1.002 
0.292 
0.564 
0.576 
0.542 
0.530 
0.590 
0.653 
0.618 
0.576 
0.670 
0.159 
0.425 
0.585 
0.588 
0.672 
0.686 
0.633 
0.685 
0.645 
0.750 
0.547 
0.570 
0.529 
0.583 
0.631 
0.630 
0.1\3 
0.740 
0.703 
0.691 
0.744 
0.717 
0.701 
0.741 
0.611 
0.100 
0.705 
0.973 
0.675 
0.702 
0.709 
0.638 
0.672 
0.610 
0.754 
0.732 
0.670 
0.570 
0.024 
0.015 
0.032 
0.015 
0.001 
0.006 
0.008 
0.002 
0.010 
0.012 
0.019 
0.001 
0.008 
0.002 
0.018 
0.004 
0.000 
0.003 
0.014 
0.000 
0.000 
0.002 
0.000 
0.000 
0.000 
0.000 
0.018 
0.020 
0.030 
0.000 
0.009 
0.005 
0.021 
0.001 
0.012 
0.021 
0.022 
0.001 
0.027 
0.019 
0.002 
0.000 
0.020 
0.001 
0.007 
0.014 
0.002 
0.029 
0.000 
Total 
99.382 
95.293 
98.880 
97.789 
93.363 
98.939 
99.540 
99.328 
98.776 
35.391 
97.244 
91.235 
99.229 
96.939 
96.393 
92.677 
98.629 
98.508 
99.203 
29.607 punctae 
57.235 punctae 
96.353 
98.615 
98.826 
98.612 
99.660 
98.278 
99.030 
98.387 
98.647 
98.234 
99.062 
97.987 
98.506 
97.377 
91.476 
98.614 
97.924 
99.184 
98.636 
98.788 
98.993 
99.238 
98.786 
11.lll punctae 
91.326 
98.754 
99.073 
99.008 
91.934 
99.556 
100.033 
99.609 
99.901 
100.102 
100.233 
100.691 
xviii 
...... 'zCCOJk S6CCOJ)l SCCOJh MIKOl) Ca(CO,) M-.CO,) Fe(C03) S!'(CO,) NaZ<C03) Kz{CO,) Total 
2 
3 
4 
5 
6 
7 
I 
9 
lO 
11 
12 
13 
14 
15 
16 
17 
II 
19 
20 
21 
22 
23 
24 
2 
3 
4 
5 
6 
7 
• 
9 
10 
II 
12 
13 
14 
15 
16 
17 
II 
19 
20 
21 
22 
23 
I 
2 
3 
4 
5 
6 
7 
• 
9 
0.064 0047 I 748 2.830 94.8411 0.022 0.000 0.286 0.876 0.014 100.785 
0.000 0074 I 703 3016 94.792 0.004 0.000 0.320 0.863 0.025 
0.006 0 107 I 237 I J88 96.622 0.000 0.003 0.235 0.773 0.008 
0.029 OOSI I 0~9 1.114 96.727 0.016 0.010 0.257 0.754 0.007 
0.070 0074 0820 1.104 97.429 0.017 0.007 0.230 0.710 0.000 
0.151 OOlS 100S 1119 96.843 0.000 0.000 0.205 0.680 0.015 
0.122 0071 084S 0.955 96.993 0.081 0.026 0.218 0.704 0.016 
0.012 0036 0742 0.928 96.790 0.035 0.000 0.225 0.713 0.020 
0000 0047 0 1111 0364 97.299 0.067 0.007 0.205 0.692 0.006 
0.035 0041 072S 1.012 97.075 0.000 0.000 0.235 0.815 0.030 
0.052 0.016 0.1165 0.920 96.506 0.071 0.014 0.226 0.714 0.005 
0.047 0019 0783 0.920 97.464 0.000 0.000 0.239 0.693 0.002 
0.029 0026 0902 0.910 97.368 0.048 0.000 0.226 0.672 0.007 
0.052 0002 0.659 0.720 97.152 0.038 0.000 0.216 0.636 0.000 
0.105 0049 0667 0.728 97.305 0.012 0.000 0.204 0.561 0.002 
0.191 0064 0910 0.711 97.401 0.093 0.000 0.185 0.529 0.024 
0.064 0.032 0.729 0.663 97.738 0.000 0.000 0.179 0.634 0.000 
0.087 0073 0716 0.722 96.547 0.024 0.000 0.201 0.639 0.004 
0.076 0022 0672 0.839 97.931 0.000 0.000 0.223 0.675 0.001 
0.051 0041 0.304 0.728 97.623 0.041 0.000 0.221 0.628 0.018 
0.146 
0.017 
0.Jl6 
0.230 
0.041 
0.029 
0.134 
0.157 
0.0511 
0.047 
0.017 
0.000 
0.017 
0.006 
0.017 
0.052 
0.052 
0.151 
0.058 
0.064 
0.017 
0.122 
0.151 
0.070 
0.064 
0.186 
0121 
0.094 
0.012 
0.099 
0.070 
0.093 
0.017 
0.012 
0.035 
0.051 
0069 
0079 
0.049 
0060 
0.071 
0.068 
004S 
0027 
0.046 
00.53 
0.055 
0070 
0000 
0057 
0060 
0.053 
0.020 
0.051 
0022 
0.060 
00« 
OOll 
0.021 
0072 
o JlO 
0041 
0023 
0061 
0023 
0050 
0.065 
0.046 
0043 
0.067 
0049 
0005 
0684 
0743 
0745 
07.51 
1 . .529 
1602 
1027 
01711 
0709 
I lSI 
0.112 
0903 
o B66 
0696 
0154 
0705 
0.742 
0726 
0416 
0.577 
0671 
0721 
0725 
0589 
0.511 
0631 
0590 
1636 
I SS9 
1319 
11S6 
1205 
0.991 
0.977 
0923 
01104 
0.722 
0.766 
0.1197 
1.464 
2.605 
1.1169 
0975 
0.1178 
0970 
1.241 
1.035 
1.135 
1.001 
0.921 
1.069 
1.002 
0.900 
1.209 
0.623 
0.513 
0.449 
0.466 
0.527 
0.561 
0501 
0.584 
0.661 
3.1169 
3.021 
2.279 
1.502 
1102 
1.106 
0.994 
0.901 
0.1165 
97.405 
97.600 
96.968 
93.426 
95.478 
96.662 
96.436 
96.879 
96.745 
96.155 
96.474 
97.083 
96.421 
97.206 
96.465 
96.119 
96.665 
96.116 
97.937 
97."9 
91.150 
97.419 
97.193 
97.596 
97.531 
91.163 
91.007 
93.705 
95.790 
95.619 
95.592 
95.904 
96.305 
95.122 
96.366 
96.374 
0.000 
0.000 
0.035 
0.000 
0.065 
0.071 
0.024 
0.000 
0.000 
0.000 
0.000 
0.000 
0.013 
0.016 
0.000 
0.023 
0.031 
0.000 
0.013 
0.004 
0.069 
0.030 
0.000 
0.052 
0.111 
0.000 
0.031 
0.023 
O.oI8 
0.010 
0.000 
0.006 
0.025 
0.083 
0.100 
0.000 
0.150 
0.000 
0.013 
0.025 
0.000 
0.004 
0.007 
0.000 
0.024 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.023 
0.000 
0.012 
0.000 
0.013 
0.035 
0.048 
0.000 
0.000 
0.007 
0.000 
0.000 
0.026 
0.045 
0.008 
0.004 
0.030 
0.01l 
0.000 
0.000 
0.038 
0.176 
0.194 
0.127 
0.158 
0.245 
0.259 
0.233 
0.232 
0.269 
0.275 
0.231 
0.264 
0.254 
0.225 
0.246 
0.215 
0.218 
0.170 
0.187 
0.149 
0.156 
0.209 
0.146 
0.207 
0.191 
0.191 
0.188 
0.293 
0.303 
0.289 
0.256 
0.256 
0.217 
0.199 
0.180 
0.191 
0.611 
0.671 
0.576 
0.614 
0.749 
0.744 
0.741 
0.676 
0.732 
0.792 
0.767 
0.725 
0.755 
0.647 
0.759 
0.727 
0.700 
0.696 
0.581 
0.597 
0.545 
0.591 
0.515 
0.620 
0.573 
0.536 
0.611 
0.862 
0.832 
0.822 
0.791 
0.777 
0.740 
0.715 
0.657 
0.648 
0.000 
0.018 
0.000 
0.000 
0.032 
0.034 
0.022 
0.005 
0.010 
0.009 
0.022 
0.025 
0.022 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.017 
0.003 
0.036 
0.000 
0.005 
0.003 
0.041 
0.031 
0.016 
0.032 
0.007 
0.000 
0.015 
0.003 
0.010 
100.797 
100.379 
100.024 
100.461 
100.053 
100.031 
99.501 
100.068 
99.968 
99.389 
100.167 
100.188 
99.475 
99.633 
100.115 
100.039 
99.013 
100.439 
100.162 
99.963 
100.158 
99.526 
96.178 
100.821 
101.342 
99.694 
99.732 
99.563 
99.723 
99.553 
100.205 
99.433 
99.174 
99.470 
99.689 
99.328 
99.838 
99.907 
99.496 
100.136 
99.661 
99.988 
99.810 
99.606 
100.351 
100.249 
100.617 
101.634 
100.581 
99.468 
99.426 
99.592 
98.884 
99.214 
98.993 
xix 
10 0.122 
II 0.058 
12 0.000 
13 0.064 
14 0.047 
U 0.041 
16 0.099 
17 0.093 
II 
19 
20 
21 
22 
23 
24 
25 
26 
0140 
0.012 
0.070 
0.03S 
0.140 
0.029 
0.134 
0.052 
0.006 
Sample 3 
I 
2 
3 
4 
, 
6 
7 
• 
9 
10 
II 
12 
13 
14 
IS 
16 
J7 
II 
19 
20 
21 
22 
23 
2 
3 
4 
, 
6 
7 
• 
9 
10 
II 
12 
13 
14 
" 
1.431 
1.3~ 
\.SOl 
\.S9O 
U74 
1417 
1.4 so 
1.455 
1.471 
1.612 
1.567 
1.599 
1.522 
1.655 
1.411 
1.590 
1.601 
1.527 
1.620 
1.599 
1.636 
1.771 
1.732 
1.431 
1.461 
U67 
1.592 
1411 
1.416 
I S69 
1.277 
1.495 
1661 
1.522 
I.SO 
ISS5 
1.446 
I.SIS 
0006 
o Oll 
0052 
0000 
0019 
0029 
0061 
0011 
0009 
0060 
00S2 
o 04S 
0011 
1001 
OOb8 
OOSS 
0041 
0026 
0066 
0011 
0012 
0000 
OooS 
0000 
0004 
0033 
0017 
0024 
0000 
0006 
0.011 
0016 
0021 
0012 
0017 
0011 
0001 
0000 
0073 
0071 
0072 
OOSI 
0000 
0000 
0006 
0069 
0042 
0060 
0017 
0024 
0050 
0025 
0017 
0029 
OOSS 
0623 0.827 96.765 0.045 0.000 0.194 0.595 0.000 
0932 
O~I 
0117 
Ol~ 
0738 
Ol~ 
0166 
1064 
0199 
OMI 
OM7 
ObiS 
0372 
0660 
0726 
0734 
1661 
1.790 
I ~2 
I 105 
1062 
0914 
0977 
093S 
I 171 
1066 
1169 
1091 
I 107 
0136 
o 79S 
0166 
0703 
0633 
0712 
0951 
0163 
0137 
0115 
1461 
1491 
1361 
1031 
1010 
0901 
0911 
0670 
I lOS 
1001 
0951 
0914 
0961 
0791 
0101 
0.830 
0725 
OlbS 
0731 
0640 
0712 
0763 
0740 
0626 
0.658 
OS77 
0.716 
0.291 
0.603 
08~ 
0.665 
2.647 
3 S46 
2.519 
1097 
0172 
O.~I 
0111 
0.121 
1030 
01~ 
0129 
0192 
0193 
0.164 
0.642 
0.491 
0.511 
O.BI 
0603 
0.634 
0.145 
0.740 
147. 
2.1 .... 
2429 
1.511 
0909 
0111 
0710 
0116 
0153 
0199 
0123 
0.140 
0194 
0631 
0639 
O.S94 
97.013 
96.359 
93102 
97.077 
97.\32 
96.724 
97.109 
96.963 
97.197 
96.748 
96.979 
91.229 
..... 520 
94.~3 
95.112 
96.490 
93.127 
92.976 
94.211 
95.137 
96.025 
95.214 
96.419 
95.236 
95.276 
95.991 
95.547 
95.656 
95.612 
96.471 
96.101 
95.111 
96.549 
96.070 
96.791 
95.159 
95.327 
96.250 
95.267 
93.916 
93.591 
93.424 
94.124 
94.912 
95.241 
9S.12O 
76.035 
94.103 
95.120 
95.542 
95.212 
95.623 
95.542 
95.966 
0.057 
0.007 
0.004 
0.008 
0.000 
0.000 
0.053 
0.012 
0.000 
0.000 
O.Oll 
O.oJ8 
0.000 
0.0\3 
0.004 
0.005 
nla 
nJa 
nJa 
nla 
nJa 
nJa 
nla 
nla 
nla 
nla 
nJa 
nJa 
nI. 
nJa 
nJa 
nla 
nJa 
nI. 
nI. 
nla 
nI. 
nJa 
nJa 
nla 
nla 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nI. 
nJa 
nJa 
nJa 
0.000 
0.005 
0.025 
0.000 
0.000 
0.000 
0.000 
0.000 
0.012 
0.047 
0.002 
0.015 
0.000 
0.000 
0.018 
O.oJ8 
0.000 
0.000 
0.004 
0.000 
0.000 
0.006 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.030 
0.009 
0.000 
0.000 
0.034 
0.000 
0.000 
0.000 
0.020 
0.000 
0.006 
0.000 
0.000 
0.024 
0.000 
0.001 
0.030 
0.021 
0.030 
0.000 
0.000 
0.000 
0.000 
0.016 
0.015 
0.000 
0.210 
0.202 
0.186 
0.222 
0.166 
0.190 
0.172 
0.197 
0.204 
0.186 
0.130 
0.193 
0.101 
0.186 
0.206 
0.209 
0.272 
0.326 
0.290 
0.240 
0.192 
0.213 
0.154 
0.207 
0.231 
0.175 
0.203 
0.176 
0.227 
0.153 
0.200 
0.212 
0.194 
0.194 
0.172 
0.190 
0.161 
0.193 
0.158 
0.255 
0.274 
0.244 
0.202 
0.228 
0.183 
0.176 
0.159 
0.237 
0.174 
0.219 
0.147 
0.223 
0.208 
0.214 
0.690 
0.683 
0.730 
0.638 
0.626 
0.704 
0.633 
0.716 
0.681 
0.625 
0.617 
0.690 
0.318 
0.636 
0.620 
0.565 
0.755 
0.838 
0.813 
0.733 
0.687 
0.615 
0.619 
0.643 
0.675 
0.589 
0.584 
0.677 
0.722 
0.660 
0.647 
0.604 
0.592 
0.632 
0.607 
0.571 
0.631 
0.576 
0.612 
0.686 
0.764 
0.767 
0.705 
0.669 
0.594 
0.633 
0.521 
0.624 
0.638 
0.675 
0.685 
0.693 
0.702 
0.662 
0.003 
0.000 
0.016 
0.017 
0.000 
0.012 
0.000 
0.000 
0.009 
0.001 
0.006 
0.008 
0.000 
0.000 
0.013 
0.012 
0.025 
0.017 
0.011 
0.022 
0.002 
0.000 
0.000 
0.026 
0.022 
0.021 
0.000 
0.011 
0.012 
0.043 
0.000 
0.001 
0.000 
0.001 
0.003 
0.005 
0.003 
0.008 
0.021 
0.035 
0.039 
0.000 
0.005 
0.014 
0.000 
0.007 
0.028 
0.007 
0.014 
0.000 
0.022 
0.005 
0.005 
0.023 
Total 
99.177 
99.824 
98.874 
96.579 
99.613 
99.372 
99.356 
99.700 
99.841 
99.770 
99.038 
99.051 
93.782 
46.646 
97.143 
98.360 
98.765 
100.658 
100.943 
100.972 
99.936 
100.414 
99.302 
100.430 
99.327 
99.916 
100.255 
99.923 
100.109 
100.201 
100.709 
99.949 
99.517 
100.270 
99.612 
100.589 
99.817 
99.386 
100.448 
100.226 
100.000 
100.121 
98.965 
99.274 
99.129 
99.214 
99.965 
79.533 
99.187 
99.362 
99.806 
99.412 
99.724 
99.377 
99.830 
xx 
16 1.500 0.017 
17 1.493 0.077 
18 1.597 0.000 
19 
20 
21 
22 
23 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
IS 
16 
17 
18 
19 
20 
21 
22 
2 
3 
4 
S 
6 
7 
8 
9 
10 
11 
12 
13 
14 
IS 
16 
17 
II 
19 
20 
21 
22 
1.568 
\.S72 
1.481 
1.717 
1.707 
1.383 
1.482 
1.566 
\,427 
1.457 
1.572 
\'s22 
1.512 
1.471 
1.437 
1.066 
1.494 
1.493 
1.567 
1.517 
1.511 
1.550 
I.S26 
1.640 
1.561 
1.568 
1.670 
1.452 
\.S19 
1.461 
1.S46 
1.474 
1.594 
\.S82 
1.429 
1.479 
1.484 
1.573 
1.465 
1.640 
I.S02 
1.569 
1.622 
1.580 
1.S47 
1.802 
1.564 
1.524 
I.S03 
0.D31 
0.003 
0.074 
0.020 
0.027 
0.085 
0000 
0.019 
0.005 
0.024 
0.056 
0.059 
0.028 
0.050 
0.014 
0.Ql8 
0.042 
0.008 
0.019 
0.030 
0.011 
0.038 
0.014 
0.045 
0.036 
0.057 
0.014 
0.024 
0.000 
0.051 
0.010 
0.008 
0.Ql8 
0.008 
0.036 
0.024 
0.023 
0.034 
0.014 
0.036 
0.014 
0.056 
0.000 
0.017 
0.012 
0.040 
0.027 
0.013 
0.000 
jVlIf'OCnur/llIIIIO"""tI 
Sample I 
0.822 0.143 
0.781 0.667 96.162 nJa 0.006 0.181 0.663 0.020 
0.818 0.659 95.567 nJa 0.000 0.210 0.624 0.000 
0.769 0.592 95.665 nJa 0.044 0.184 0.602 0.008 
0.876 0.663 96.185 nJa 0.000 0.204 0.643 0.Ql5 
0.907 0.720 96.241 nJa 0.000 0.179 0.660 0.034 
0.746 0.696 95.528 nJa 0.000 0.163 0.637 0.000 
0.783 0.817 96.718 nJa 0.007 0.193 0.612 0.005 
0.861 \.647 95.011 nJa 0.000 0.163 0.663 0.005 
\.S04 
\.015 
\.173 
0.816 
1.057 
1.060 
1.090 
1.040 
\.125 
1000 
0.608 
0.842 
0.779 
0.765 
0.705 
0.664 
0.828 
0.875 
0.773 
0.670 
0.810 
0.811 
1.439 
1.261 
1.050 
0.926 
0.967 
0.928 
1.148 
0.9« 
\.082 
1.001 
0.987 
0.957 
0.829 
0.816 
0.763 
0.589 
0.727 
0.826 
1.111 
0.755 
0.648 
0.761 
1.357 
1.701 
\.053 
0.940 
0.836 
0.938 
0.967 
\.064 
1.205 
1.321 
1.310 
0.915 
0.822 
0.812 
0.715 
0.786 
0.718 
0.631 
0.723 
0.745 
0.663 
0.700 
1.395 
\.708 
1.145 
0.913 
0.820 
0.810 
0.877 
0.977 
1.077 
\.012 
0.889 
\.045 
1.036 
0.969 
0.665 
0.597 
0.542 
0.627 
0.624 
\.085 
0.598 
0.476 
0.676 
7279 
93.668 
95.726 
95.419 
94.854 
94.666 
94.219 
94.989 
94.284 
94247 
94.030 
67.638 
94.722 
94.685 
95.560 
94.987 
95.198 
95.791 
94.856 
95.512 
96.228 
95.319 
93.599 
94.762 
95.400 
95.134 
95.374 
94.812 
95.675 
95.049 
94.516 
95.002 
95.772 
95.418 
94.821 
96298 
96.492 
96.060 
95.806 
95.694 
95.352 
95.267 
96.153 
96.815 
96.039 
80.668 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
nJa 
0.088 
0.000 
0.000 
0.015 
0.021 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.013 
0.000 
0.000 
0.036 
0.000 
0.000 
0.038 
0.022 
0.002 
0.025 
0.028 
0.000 
0.006 
0.000 
0.031 
0.029 
0.000 
0.000 
0.028 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.009 
0.024 
0.000 
0.000 
0.009 
0.025 
0.000 
0.000 
0.026 
0.280 
0.239 
0.191 
0.232 
0.206 
0.231 
0.209 
0.209 
0.199 
0.241 
0.171 
0.194 
0.171 
0.215 
0.213 
0.155 
0.184 
0.196 
0.157 
0.225 
0.193 
0.184 
0.259 
0.252 
0.229 
0.225 
0.167 
0.188 
0.268 
0.203 
0.219 
0.247 
0.211 
0.220 
0.196 
0.179 
0.166 
0.187 
0.211 
0.178 
0.172 
0.170 
0.178 
0.161 
0.381 
0.719 
0.721 
0.713 
0.691 
0.742 
0.747 
0.720 
0.699 
0.717 
0.761 
0.549 
0.655 
0.694 
0.605 
0.648 
0.610 
0.587 
0.627 
0.632 
0.564 
0.595 
0.622 
0.693 
0.693 
0.683 
0.723 
0.699 
0.681 
0.729 
0.634 
0.681 
0.671 
0.675 
0.679 
0.648 
0.580 
0.563 
0.552 
0.594 
0.620 
0.647 
0.565 
0.577 
0.611 
0.934 
0.000 
0.011 
0.021 
0.000 
0.Ql5 
0.014 
0.004 
0.009 
0.000 
0.010 
0.014 
0.026 
0.008 
0.000 
0.006 
0.000 
0.000 
0.003 
0.000 
0.013 
0.000 
0.000 
0.031 
0.016 
0.000 
0.021 
0.016 
0.004 
0.019 
0.002 
0.020 
0.000 
0.000 
0.001 
0.007 
0.011 
0.000 
0.024 
0.000 
0.027 
0.009 
0.000 
0.007 
0.009 
0.031 
Total 
99.997 
99.448 
99.461 
100.185 
100.316 
99.325 
100.872 
100.084 
99.340 
100.247 
100.057 
98.882 
99.105 
98.866 
99.657 
98.986 
99.130 
98.803 
70.992 puncta< 
98.797 
98.650 
99.482 
98.892 
98.867 
99.647 
98.842 
99.506 
99.985 
99.270 
98.295 
100.374 
100.286 
99.552 
99.674 
98.953 
99.965 
99.808 
98.841 
99.519 
100.087 
99.943 
99.193 
100.623 
100.259 
99.783 
99.346 
99.450 
99.186 
100.142 
99.857 
100.238 
99.760 
91.729 
2 1.340 0.062 1.331 9.600 86.473 0.044 0.028 0.364 1.206 0.049 
3 0.639 0.000 1.471 9.017 88.942 0.024 0.019 0.369 1.111 0.030 
4 0.396 0.050 1.424 8.23 I 86.651 0.062 0.064 0.329 1.064 oms 
5 0.219 0.060 1.212 6.607 79.811 0.037 0.009 0.314 1.029 0.024 
6 0.237 0.025 1.290 8.439 88.092 0.060 0.000 0.371 1.3 10 0.044 
7 0.3 \3 0.058 1.365 8.545 88.303 0.008 0.000 0.339 1.228 0.046 
8 0.384 0.003 1.448 8.702 88.927 0.054 0.067 0.318 1.086 0.024 
9 0.349 0.057 1.437 8.616 87.671 0.000 0.069 0.390 1.103 0.039 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
I' 
16 
17 
II 
0.468 
0.302 
0.408 
0.343 
0.260 
0.408 
0.367 
0.278 
0.118 
0.189 
0.213 
0201 
0207 
0.207 
0.166 
0.047 
0.219 
0.165 
0.320 
0.308 
0.337 
0.195 
0.343 
0267 
0.201 
0.397 
0.195 
0.586 
0.847 
1.343 
0.792 
0.468 
0.350 
0273 
0.278 
0.296 
0.332 
0261 
0248 
0.326 
0.373 
0.433 
0.373 
0.474 
0.148 
0.207 
0.154 
0.077 
0.034 
0.127 
0.125 
0.021 
0.053 
0.090 
0.072 
0.061 
0.008 
0.048 
0.049 
0.042 
0.064 
0.040 
0.059 
0.042 
0.044 
0.293 
0.208 
0.068 
0.007 
0.018 
0.000 
0.043 
0.063 
0.000 
0.036 
0.450 
0.185 
0.053 
0.036 
0.000 
0.000 
0.019 
0.006 
0.026 
0.005 
0.000 
0.037 
0.011 
0.044 
0.050 
0.005 
0.036 
0.120 
0.000 
1.584 
1.654 
1.726 
1.725 
1.600 
1.836 
1.671 
1.665 
1.721 
1.690 
1.592 
1.683 
1.687 
1.989 
1.833 
1.796 
1.793 
1.656 
1.445 
2.098 
1.537 
1.613 
1.431 
1.308 
1.466 
1.565 
1.574 
1.332 
1.284 
1.460 
1.566 
1.299 
1.367 
1.321 
1.286 
1.232 
1.289 
1.342 
1.264 
1.463 
1.321 
1.479 
1.744 
1.740 
1.757 
1.775 
1.947 
8.555 
8.023 
8.523 
7.793 
8.619 
8.183 
7.726 
8.148 
8.669 
8.544 
8.308 
7.952 
8.598 
8.635 
8.433 
8.688 
8.829 
7.865 
7.851 
7.786 
8.472 
8.856 
7.517 
9.057 
8.849 
9.207 
8.973 
8.536 
7.708 
6.533 
8.055 
9.088 
9.048 
8.795 
8.234 
7.740 
8.504 
8.572 
8.142 
8.114 
8.682 
8.243 
8.674 
8.552 
8.239 
7.291 
8.895 
87.056 
90.120 
87.756 
87.831 
88.985 
90.423 
86.095 
90.065 
89.522 
89.895 
83.490 
90.412 
89.622 
90.669 
90.132 
90.085 
89.463 
90.566 
84.065 
84.709 
89.670 
89.088 
85.644 
86.537 
88.952 
88.475 
89.139 
88.460 
81.425 
74.956 
90.338 
88.451 
86.557 
87.933 
87.385 
84.248 
87.313 
86.986 
87.788 
87.898 
86.779 
88.067 
89.736 
90.026 
89.390 
84.896 
89.168 
0.000 
0.080 
0.000 
0.065 
0.025 
0.064 
0.033 
0.050 
0.040 
0.183 
0.087 
0.063 
0.079 
0.152 
0.000 
0.113 
0.133 
0.083 
0.048 
0.018 
0.108 
0.104 
0.016 
0.051 
0.010 
0.050 
0.060 
0.015 
0.065 
0.039 
0.001 
0.000 
0.015 
0.038 
0.000 
0.000 
0.063 
0.063 
0.000 
0.086 
0.000 
0.033 
0.064 
0.111 
0.023 
0.068 
0.006 
0.025 
0.030 
0.000 
0.000 
0.033 
0.026 
0.016 
0.052 
0.000 
0.020 
0.016 
0.000 
0.002 
0.033 
0.039 
0.000 
0.004 
0.000 
0.013 
0.044 
0.028 
0.035 
0.060 
0.000 
0.007 
0.000 
0.034 
0.000 
0.041 
0.038 
0.037 
0.028 
0.066 
0.028 
0.015 
0.000 
0.047 
0.034 
0.048 
0.026 
0.026 
0.013 
0.030 
0.054 
0.000 
0.001 
0.000 
0.399 
0.336 
0.392 
0.381 
0.403 
0.310 
0.407 
0.367 
0.335 
0.334 
0.437 
0.351 
0.352 
0.348 
0.331 
0.332 
0.365 
0.342 
0.351 
0.370 
0.337 
0.328 
0.310 
0.410 
0.389 
0.419 
0.331 
0.360 
0.327 
0.326 
0.350 
0.338 
0.338 
0.380 
0.308 
0.339 
0.317 
0.343 
0.318 
0.327 
0.361 
0.348 
0.355 
0.320 
0.392 
0.345 
0.369 
1.098 
0.879 
1.020 
0.948 
0.978 
0.882 
0.818 
0.719 
0.841 
0.802 
0.950 
0.951 
0.892 
0.836 
0.710 
0.797 
0.837 
0.848 
0.763 
0.700 
0.823 
0.794 
0.758 
0.689 
0.840 
0.876 
0.746 
0.561 
0.421 
0.973 
0.884 
1.168 
1.283 
1.099 
1.258 
1.264 
1.228 
1295 
1.155 
1.234 
1.260 
1.009 
0.814 
0.791 
0.770 
0.653 
0.725 
0.015 
0.052 
0.029 
0.027 
0.022 
0.022 
0.032 
0.027 
0.035 
0.019 
0.038 
0.038 
0.038 
0.038 
0.050 
0.021 
0.030 
0.017 
0.047 
0.022 
0.025 
0.029 
0.030 
0.014 
0.014 
0.038 
0.029 
0.027 
0.037 
0.049 
0.049 
0.031 
0.028 
0.035 
0.055 
0.031 
0.031 
0.035 
0.052 
0.031 
0.018 
0.051 
0.048 
0.020 
0.01\ 
0.008 
0.024 
Total 
100.497 
101.622 
98.312 
89.322 
99.868 
100.205 
101.013 
99.731 
99.277 
101.510 
99.981 
99.238 
100.946 
102.207 
97.255 
101.443 
101.342 
101.684 
95.179 
101.700 
101.519 
102.971 
101.734 
101.938 
101.715 
101.586 
95.196 
96.263 
101.405 
101.049 
96.127 
98.333 
100.771 
101.090 
101.081 
99.913 
92.605 
85.902 
102.125 
100.907 
99.052 
99.902 
98.838 
95.156 
99.150 
98.936 
99.0\5 
99.542 
98.831 
99.720 
101.888 
102.093 
100.766 
95.364 
101.288 
xxii 
1 0.914 0.056 1.127 9.352 83.051 0.098 0.012 0.393 1.266 0.058 
2 0.326 0.031 1.112 8.421 81.242 0.040 0.000 0.364 1.210 0.034 
3 0.285 0.010 1.074 7.999 79.579 0.000 0.025 0.330 1.058 0.022 
4 0.414 0.046 1302 8.290 78.941 0.000 0.000 0.408 0.997 0.042 
5 0.496 0.058 1374 9.279 85.898 0.002 0.056 0.335 1.244 0.030 
6 0.262 0.006 1.286 8.431 84.873 0.002 0.032 0.368 1.069 0.022 
7 0.337 0.042 1.466 8.466 88.335 0.000 0.043 0.298 1.091 0.064 
8 0.278 0.039 1366 7.597 84.893 0.051 0.058 0.347 1.102 0.047 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
0.283 
0.350 
0.219 
0.314 
0.255 
0.207 
0.202 
0.380 
0.225 
0.285 
0.279 
0.225 
0.391 
0.225 
0.325 
0.415 
0.332 
0.249 
0.337 
0.361 
Sampie2 
1 
2 
3 
4 
5 
6 
7 
I 
9 
10 
11 
12 
13 
14 
15 
16 
17 
II 
19 
20 
21 
22 
23 
I 
2 
3 
0.496 
0.403 
0.319 
0.325 
0.266 
0.225 
0.290 
0.189 
0.172 
0.272 
0.195 
0.207 
0.414 
0.325 
0.284 
0.278 
0.219 
0.124 
0.112 
0.171 
0.142 
0.154 
0.284 
2.201 
1.770 
1.680 
0.011 
0.017 
0.024 
0005 
0.031 
0.047 
0.033 
0.000 
0.000 
0.024 
0.028 
0.033 
0.030 
0.026 
0.018 
0.069 
0.009 
0.035 
0.034 
0.037 
0.197 
0.023 
0.034 
0.061 
0.023 
0.007 
0.057 
0.016 
0.047 
0.075 
0.042 
0.041 
0.026 
0.042 
0.028 
0.021 
0.021 
0.048 
0.000 
0.036 
0.032 
0.003 
0.537 
0.070 
0.024 
0.020 
1353 
1480 
1.400 
1.208 
1.090 
1.036 
I 192 
1167 
1.251 
1.280 
1.296 
1.245 
1.225 
1.443 
1.528 
1304 
1.405 
1.548 
\.797 
1.848 
1.623 
1.110 
US2 
\.444 
1.364 
1.355 
1.469 
1.239 
1.348 
1.363 
1.193 
1.156 
1.458 
1.389 
I.SS8 
1.624 
1.503 
1.748 
1.811 
1.844 
1.852 
1.578 
1.515 
1.321 
1.237 
1.251 
7.887 
8.510 
8.005 
7.608 
7.856 
8.013 
8.207 
8.498 
8.533 
8378 
8.330 
7.799 
8.175 
8.566 
7.400 
8.120 
8.250 
8.336 
7.910 
8.022 
7.779 
9.768 
8.413 
8.188 
7.937 
8.345 
8.659 
8.601 
8.916 
8.032 
7.m 
9.123 
8.755 
8.913 
8.821 
8.411 
8.905 
8.403 
8.676 
8.238 
8.241 
8.915 
7.823 
7.595 
1.056 
7.950 
83.140 
88.501 
84.089 
83.745 
87.031 
85.136 
82.256 
84.993 
80.814 
80.633 
88.318 
86.261 
84.580 
85.748 
88.758 
85.002 
84.923 
89.119 
88.239 
89.928 
84.408 
87.192 
89.718 
85.957 
82.340 
87.500 
87.522 
86.898 
87.279 
88.834 
80.415 
86.147 
87.782 
87.612 
88.156 
86.293 
89.223 
88.091 
89.673 
90.347 
90.148 
88.029 
85.817 
19.021 
93.221 
93.194 
0.021 
0.016 
0.017 
0.000 
0.010 
0.000 
0.019 
0.055 
0.028 
0.000 
0.045 
0.015 
0.000 
0.000 
0.004 
0.062 
0.000 
0.028 
0.023 
0.006 
0.000 
0.054 
0.008 
0.000 
0.027 
0.000 
0.000 
0.000 
0.041 
O.ot5 
0.000 
0.070 
0.042 
0.036 
0.046 
0.034 
0.131 
0.028 
0.018 
0.062 
0.085 
0.000 
0.065 
nI, 
nI, 
nil 
0.010 
0.051 
0.023 
0.024 
0.012 
0.031 
0.011 
0.026 
0.046 
0.016 
0.059 
0.055 
0.033 
0.012 
0.038 
0.032 
0.019 
0.000 
0.024 
0.028 
0.000 
0.041 
0.027 
0.032 
0.029 
0.037 
0.035 
0.000 
0.000 
0.059 
0.044 
0.061 
0.036 
0.035 
0.080 
0.000 
0.000 
0.000 
0.019 
0.011 
0.011 
0.000 
0.023 
0.000 
0.000 
0.000 
0.311 
0.335 
0.327 
0.368 
0.346 
0.311 
0.370 
0.326 
0.312 
0.364 
0.304 
0.326 
0.302 
0.393 
0.321 
0.385 
0.355 
0.342 
0.331 
0.352 
0.391 
0.407 
0.308 
0.292 
0.311 
0.329 
0.363 
0.404 
0.375 
0.336 
0.370 
0.344 
0.388 
0.351 
0.338 
0.383 
0.368 
0.375 
0.355 
0.354 
0.360 
0.379 
0.346 
0.372 
0.453 
0.410 
1.133 
1.192 
0.890 
1.177 
1.261 
1.223 
1.213 
1.186 
1.160 
1.102 
1.095 
1.176 
1.135 
1.022 
1.030 
1.139 
1.086 
0.979 
0.775 
0.901 
0.927 
1.138 
0.939 
1.038 
1.076 
1.061 
1.211 
1.153 
1.261 
1.058 
UI8 
1.261 
1.037 
U18 
1.154 
0.789 
0.882 
0.804 
0.850 
0.727 
0.863 
0.760 
0.619 
0.901 
0.809 
0.934 
0.042 
0.027 
0.038 
0.048 
0.046 
0.031 
0.021 
0.003 
0.019 
0.039 
0.038 
0.022 
0.005 
0.015 
0.043 
0.032 
0.026 
0.036 
0.028 
0.022 
0.042 
0.031 
0.047 
0.036 
0.045 
0.015 
0.032 
0.024 
0.033 
0.024 
0.024 
0.030 
0.017 
0.018 
0.039 
0.020 
0.023 
0.011 
0.020 
0.045 
0.024 
0.020 
O.ot5 
nI, 
nI. 
nI. 
Total 
96.327 
92.780 
90.382 
90.440 
98.772 
96.351 
100.142 
95.778 
94.851 
100.485 
95.032 
94.497 
97.938 
96.095 
93.524 
96.634 
92.388 
92.121 
99.792 
97.157 
95.876 
97.450 
99.465 
96.560 
96.405 
100.672 
99.498 
101.505 
95.863 
100.167 
101.365 
97.373 
93.418 
98.874 
99.638 
98.524 
99.472 
100.068 
91.173 
98.440 
99.955 
99.839 
100.504 
97.853 
101.275 
99.632 
101.534 
101.835 
101.758 
99.838 
97.Q4.4 
101.109 
105.117 
105.029 
xxiii 
...... Pz(COJ)s Sl(CO)h S(CO)h !\IteCO) CatCO) Ma(COJ) Fe(COJ) Sr(COJ) Na2(COJ) Kz(COJ) To'" 
.. 1.717 0.040 0.929 7.995 88.804 nla 0.060 0.385 1.315 nla 100.860 
S 1.804 0.081 0.933 8.469 90.008 nla 0.040 0.455 1.283 nla 102.618 
6 1.762 0.035 1052 8.869 89.388 nla 0.000 0.386 1.091 nla 102.197 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
1.706 
1.866 
1.756 
1.796 
1.742 
1.652 
1.622 
1.722 
1.500 
1.763 
1.883 
Sample 3 
I 
2 
3 
.. 
5 
6 
7 
8 
\.666 
\.813 
\.781 
1.686 
\.818 
\.948 
2.013 
1.643 
9 \.689 
10 uso 
11 1.722 
12 1.722 
13 1.531 
14 1.571 
I5 1.645 
16 \.714 
17 1.708 
18 \.605 
19 \.630 
20 1.851 
Mytlbu etbdls 
Sample I 
I 
2 
3 
.. 
S 
6 
7 
8 
9 
10 
II 
12 
13 
14 
., 
16 
17 
I' 
19 
20 
0.111 
0.093 
0.215 
0.093 
0.093 
0.105 
0.064 
0.134 
0.000 
0.157 
0.093 
0.041 
0.052 
0.122 
0.047 
0.058 
0.134 
0.076 
0.105 
0.000 
0.048 
0.076 
0000 
0.045 
0.002 
0.047 
0.027 
0.043 
0.669 
0.053 
0.062 
0.059 
0.042 
0.073 
0.022 
0.076 
0.105 
0.022 
0.007 
0.053 
0.069 
0.079 
0059 
0.018 
0.019 
0.043 
0.013 
0.036 
0.060 
0.050 
0.063 
0.050 
0.054 
0.007 
0.000 
0.026 
0.054 
0.033 
0.012 
0.052 
0.057 
0.030 
0.009 
0.000 
0.067 
0.053 
0.020 
0.068 
0.009 
0.046 
0.034 
/.146 
1.000 
1.220 
1.008 
1.257 
1.055 
1.287 
1170 
1.3110 
1.339 
1.083 
1.040 
1.090 
1.103 
0.981 
1.012 
1.048 
1.090 
1.107 
1.207 
/.125 
1.040 
1.221 
1.238 
1.286 
1.342 
1.387 
1.342 
1.207 
1.055 
1.389 
0.268 
0.301 
0.268 
0.301 
0.202 
0.189 
0.181 
0.136 
0.260 
0.140 
0.128 
0.165 
0.189 
0.231 
0.132 
0.078 
0.087 
0.1S6 
0.062 
0.103 
8.237 
8.250 
8.230 
8.479 
8.341 
8.786 
7.874 
7.674 
8.036 
8.483 
8.062 
7.638 
8.508 
8.802 
9.309 
8.186 
8.276 
8.249 
8.600 
8.026 
7.961 
8.876 
7.752 
7.852 
7.987 
8.599 
8.797 
8.396 
8.062 
8.016 
7.910 
0.326 
0.340 
0.209 
0.204 
0246 
0.250 
0.361 
0.383 
0.483 
0.482 
0.466 
0.308 
0.442 
0.340 
0.473 
0.524 
0.496 
0.400 
0.422 
O.SIS 
94.105 
91.764 
91.241 
91.686 
93.112 
92.003 
93.448 
90.914 
87.609 
90.607 
9U77 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
90.968 nla 
89.681 nla 
90.490 nla 
88.574 nla 
90.475 nla 
89.946 nla 
90.763 nla 
91.186 nla 
91.896 nla 
90.345 nla 
89.409 nla 
90.395 nI. 
90.849 nla 
88.710 nla 
90.298 nI. 
89.940 nla 
90.685 nla 
9\.000 nI. 
90.955 nla 
88.775 nla 
97.761 
99.479 
9\.549 
98.861 
100.160 
99.535 
99.449 
93.294 
99.474 
99.974 
99.763 
99.807 
98.790 
99.214 
99.382 
99.481 
99.714 
100.230 
100398 
99.840 
0.006 
0.000 
0.022 
0.020 
0.029 
0.070 
0.017 
0.000 
0.040 
0.000 
0.001 
0.011 
0.008 
0.000 
0.022 
0.005 
0.096 
0.000 
0.000 
0.008 
0.000 
0.032 
0.051 
0.004 
0.044 
0.028 
0.057 
0.069 
0.797 
0.067 
0.033 
0.039 
0.004 
0.026 
0.011 
0.042 
0.004 
0.066 
0.000 
0.023 
0.068 
0.021 
0.015 
0.036 
0.038 
0.055 
0.055 
0.055 
0.032 
0.040 
0.014 
0.000 
0.000 
0.026 
0.037 
0.000 
0.036 
0.000 
0.066 
0.000 
0.000 
0.029 
0.000 
0.007 
0.080 
0.000 
0.009 
0.010 
0.041 
0.000 
0.000 
0.371 
0.374 
0.425 
0.398 
0.406 
0.412 
0.413 
0.382 
0.449 
0.390 
0.419 
0.415 
0.393 
0.436 
0.340 
0.358 
0.407 
0.412 
0.404 
0.410 
0.391 
0.412 
0.389 
0.420 
0.453 
0.407 
0.429 
0.399 
0.388 
0.407 
0.414 
0.170 
0.157 
0.126 
0.158 
0.159 
0./38 
0.139 
0.141 
0.165 
0.139 
0.120 
0./32 
0.103 
0.113 
0.154 
0.171 
0.151 
0.103 
0.160 
0.122 
0.919 
1.I19 
1.032 
1.040 
0.720 
1.098 
0.869 
0.951 
0.725 
0.852 
0.774 
nla 
nla 
nla 
nla 
nla 
nla 
nIa 
nla 
nla 
nIa 
nla 
1.131 nla 
1.095 nla 
1.014 nla 
1.028 oIa 
1.082 nla 
1.136 nla 
0.916 nla 
1.026 nla 
0.901 oIa 
0.937 nla 
1.025 nla 
0.855 nla 
0.965 nla 
0.794 nIa 
0.950 oIa 
0.849 nla 
0.693 nla 
0.744 nla 
0.925 oil 
0.922 nla 
0.561 
0.454 
0.376 
0.361 
0.438 
0.431 
0.483 
0.530 
0.454 
0.423 
0.412 
0.358 
0.365 
0.371 
0.444 
0.453 
0.462 
0.398 
0.442 
0.397 
0.007 
0.000 
0.006 
0.000 
0.000 
0.000 
0.020 
0.005 
0.007 
0.000 
0.010 
0.000 
0.000 
0.018 
0.011 
0.004 
0.008 
0.000 
0.000 
0.001 
106.161 
104.107 
103.530 
104.058 
105.218 
104.669 
105.184 
102.543 
100.716 
103.164 
103.474 
102.956 
102.626 
103.725 
101.951 
103.049 
102.870 
103.531 
103.973 
104.205 
102.746 
102.584 
102.408 
102.909 
100.858 
103.339 
103.184 
103.314 
103.098 
103.078 
101.338 
99.260 
100.878 
92.804 
100.035 
101.353 
100.808 
100.747 
94.701 
100.935 
101.372 
101.052 
100.831 
99.956 
100.556 
100.718 
100.803 
101.226 
10\.413 
101.635 
101.020 
xxiv 
21 0.023 0.026 0.169 0.473 100.258 0.012 0.017 0.119 0.357 0.003 
22 0.163 0.036 0.185 0.451 100.274 0.041 0.009 0.096 0.308 0.000 
23 0.087 0.028 0.218 0.407 99.965 0.000 0.000 0.114 0.290 0.000 
24 0.000 0.027 0.169 0.365 100.903 0.022 0.008 0.124 0.344 0.000 
25 0.093 0.017 0.132 0.361 100.187 0.012 0.000 0.132 0.286 0.000 
26 0.105 0.047 0.128 0.328 100.665 0.040 0.050 0.182 0.301 0.000 
27 0.029 0.037 0.128 0.325 100.111 0.000 0.004 0.141 0.330 0.000 
21 0.052 0.000 0078 0.310 100.325 0.028 0.000 0.091 0.315 0.003 
29 
30 
31 
32 
33 
34 
35 
36 
37 
31 
39 
40 
41 
42 
43 
44 
45 
46 
2 
3 
4 
5 
6 
7 
I 
9 
10 
II 
12 
13 
14 
IS 
16 
17 
II 
19 
20 
21 
22 
23 
24 
25 
26 
27 
21 
29 
30 
31 
0.058 
0.070 
0.029 
0.122 
0.111 
0.087 
0.047 
0.116 
0.064 
0.070 
0.047 
0.017 
0.000 
0.006 
0.099 
0.105 
0.111 
0.146 
0.186 
0.093 
0.128 
0.122 
0.134 
0.047 
0.023 
0.041 
0.099 
0.152 
0.047 
0.064 
0.146 
0.082 
0.198 
0.012 
0.047 
0.116 
0.064 
0.000 
0.087 
0.041 
0.017 
0.111 
0.082 
0.093 
0.000 
0.012 
0.017 
0.058 
0.111 
0.033 
0.060 
0.027 
0.010 
0.023 
0.017 
0.034 
0.046 
0.019 
0.013 
0.008 
0.026 
0.018 
0.000 
0.024 
0.007 
0.045 
0.038 
0.055 
0.012 
0.037 
0.045 
0.039 
0.000 
0.000 
0.046 
0.000 
0.017 
0.000 
0.000 
0.017 
0.017 
0.028 
0.046 
0.014 
0.031 
0.025 
0.039 
O.oJ8 
0.026 
0.023 
0.007 
0.001 
0.029 
0.000 
0.034 
0.020 
0.000 
0.020 
0.070 
0.049 
0.041 
0.095 
0.210 
0.309 
0.305 
0.235 
0.140 
0111 
0.103 
0.128 
0.161 
0.119 
0.454 
0.598 
0.144 
0.285 
0.371 
0.297 
0.313 
0078 
0.132 
0.181 
0.149 
0.161 
0.128 
0.140 
0.161 
0.058 
0.095 
0.120 
0.091 
0.049 
0.050 
0.115 
0.091 
0.070 
0.058 
0.091 
0.066 
0.087 
0.054 
0.029 
0.136 
0.107 
0.062 
0.012 
0.078 
0.436 
0.336 
0.425 
0.374 
0.444 
0.522 
0.688 
0.384 
0.377 
0.288 
0.319 
0.369 
0.464 
0.423 
\.102 
0.887 
0.004 
0.003 
0.284 
0.192 
0.223 
0.263 
0.341 
0.341 
0.354 
0.325 
0.405 
0.390 
0.394 
0.414 
0.343 
0.460 
0.410 
0.432 
0.413 
0.335 
0.342 
0.359 
0.371 
0.503 
0.434 
0.439 
0.477 
0.525 
0.546 
0.493 
0.392 
0.391 
0.442 
101.186 
100.298 
100241 
99.808 
100.089 
92.354 
100.520 
100.269 
100.815 
100.751 
100.305 
100.849 
100.567 
98.883 
99.034 
99.052 
97.931 
97.091 
96.744 
89.941 
97.811 
89.132 
98.369 
95.186 
99.332 
92.764 
96.698 
99.729 
99.3S9 
99215 
89.266 
99.256 
99.119 
99.217 
99.466 
99.184 
90.055 
86.320 
99.333 
99.515 
99.798 
99.747 
98.706 
99.133 
99.015 
99.561 
100.000 
99.169 
99.103 
0.027 
0.018 
0.061 
0.000 
0.048 
0.022 
0.000 
0.000 
0.000 
0.013 
0.000 
0.000 
0.000 
0.060 
0.088 
0.000 
0.002 
0.000 
0.000 
0.000 
0.000 
0.066 
0.001 
0.012 
0.000 
0.000 
0.000 
0.000 
0.000 
0.116 
0.000 
0.000 
0.000 
0.043 
0.076 
0.024 
0.000 
0.054 
0.000 
0.023 
0.008 
0.000 
0.027 
0.053 
0.000 
0.070 
0.000 
0.017 
0.013 
0.010 
0.000 
0.000 
0.007 
0.000 
0.050 
0.000 
0.038 
0.001 
0.004 
0.000 
0.003 
0.000 
0.055 
0.001 
0.003 
0.000 
0.000 
0.000 
0.020 
0.009 
0.009 
0.014 
0.011 
0.000 
0.031 
0.033 
0.028 
0.007 
0.009 
0.027 
0.016 
0.000 
0.002 
0.000 
0.007 
0.000 
0.000 
0.025 
0.029 
0.000 
0.027 
0.066 
0.009 
0.000 
0.033 
0.000 
0.031 
0.025 
0.156 
0.136 
0.071 
0.128 
0.132 
0.129 
0.135 
0.131 
0.157 
0.142 
0.115 
0.135 
0.133 
0.106 
0.131 
0.153 
0.213 
0.2S4 
0210 
0.174 
0.143 
0.147 
0.166 
0.147 
0.171 
0.127 
0.161 
0.164 
0.IS8 
0.139 
0.149 
0.143 
0.188 
0.159 
0.157 
0.188 
0.1 13 
0.152 
0.122 
0.177 
0.152 
0.134 
0.125 
0.143 
0.1 SO 
0.123 
0.139 
0.093 
0.143 
0.341 
0.269 
0267 
0.274 
0.258 
0.2SS 
0.240 
0.228 
0.285 
0.259 
0.262 
0.2S9 
0.278 
0.216 
0.201 
0.129 
1.003 
1.072 
0.933 
0.792 
0.695 
0.677 
0.630 
0.569 
0.630 
0.683 
0.624 
0.626 
0.649 
0.684 
0.663 
0.692 
0.670 
0.701 
0.713 
0.639 
0.679 
0.683 
0.570 
0.534 
0.461 
0.423 
0.446 
0.451 
0.436 
0.430 
0.387 
0.389 
0.423 
0.000 
0.000 
0.000 
0.016 
0.009 
0.000 
0.001 
0.011 
0.000 
0.000 
0.020 
0.000 
0.003 
0.000 
0.010 
0.000 
0.021 
0.005 
0.000 
0.000 
0.006 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0.001 
0.000 
0.000 
0.018 
0.000 
0.000 
0.000 
0.000 
O.OOS 
0.005 
0.008 
0.000 
0.021 
O.OIS 
0.005 
0.003 
0.014 
0.000 
0.000 
Total 
101.457 
IOI.S63 
101.109 
101.962 
101.220 
101.846 
10 1.1 OS 
101202 
102.317 
101236 
101.162 
100.834 
101.324 
93.745 
101.970 
101.458 
101.858 
101.651 
101.179 
101.786 
101.624 
99.868 
101.144 
100.934 
99.474 
98.894 
98.783 
91.521 
99.365 
90.540 
99.826 
96.494 
IOO.6S9 
94.178 
98.148 
101249 
100.775 
100.699 
90.707 
100.786 
100.704 
100.749 
100.936 
100.639 
91.369 
87.677 
100.S89 
100.944 
100.967 
100.975 
100.005 
100.480 
100.288 
100.866 
101.031 
100.160 
100.358 
xxv 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
1 
2 
3 
4 
5 
6 
7 
• 
9 
10 
11 
12 
13 
14 
I' 
16 
17 
II 
19 
20 
21 
22 
23 
24 
25 
26 
27 
21 
29 
30 
31 
32 
33 
34 
35 
36 
37 
31 
39 
40 
41 
0.099 0.037 0.045 0.403 99.668 0.000 0.010 0.132 0.349 0.000 
0.087 0.000 0.103 0.421 99.588 0.006 0.000 0.139 0.376 0.003 
0.058 0018 0.103 0.558 98.961 0.006 0.007 0.145 0.417 0.000 
0.041 
0.111 
0.000 
0.058 
0.123 
0.018 
0.018 
0.053 
0.099 
0.093 
0.018 
0.111 
0.134 
0.198 
0.093 
0.093 
0.058 
0.163 
0.064 
0.158 
0.070 
0.076 
0.029 
0.233 
0.140 
0.105 
0.070 
0.070 
0.111 
0.076 
0.140 
0.076 
0.047 
0.0511 
0.070 
0.111 
0.187 
0.146 
0.204 
0.0811 
0.210 
0.076 
0.093 
0.169 
0.051 
0.012 
0.023 
0.239 
0.035 
0.1117 
0.099 
0.017 
0.070 
0.029 
0.000 
0.019 
0.002 
0.041 
0.049 
0.008 
0.000 
0.026 
0.010 
0.000 
0.000 
0.008 
0.153 
0.005 
0.002 
0.017 
0.056 
0.000 
0.008 
0.043 
0.047 
0.014 
0.060 
0.055 
0.000 
0.023 
0.020 
0.019 
0.035 
0.026 
0.054 
0.000 
0.0113 
0.000 
0.030 
0.000 
0.069 
0.003 
0.000 
0.041 
0.039 
0.000 
0.037 
0.030 
0.051 
0.053 
0047 
0000 
0.004 
0.026 
0.066 
0.000 
0.020 
0.006 
0.037 
0.058 
0.095 
0.181 
OJ26 
OJ26 
OJ31 
0.165 
OJ39 
0.199 
OJI8 
0.244 
0.235 
0.537 
0.430 
OJ80 
OJ43 
0.215 
0.252 
0.128 
0.194 
0.194 
0.194 
0.203 
0.149 
0.103 
0.202 
0.128 
0.231 
0.2411 
0.273 
0.157 
0.0711 
0.145 
0.132 
0.1112 
0153 
0140 
0.124 
0.211 
0.161 
0.211 
0.116 
0.186 
0.1211 
0.1211 
0.153 
0.145 
0.194 
0169 
0116 
0.153 
0.235 
OJII 
0.479 
OJ38 
0.429 
0.425 
0.152 
0.054 
0.018 
0.037 
0.057 
0.049 
0.062 
0.065 
0.043 
0.265 
0.208 
0.224 
OJ26 
0.369 
OJ6O 
0.347 
0.369 
0.393 
0.360 
0.371 
0.369 
0.398 
0.367 
0.370 
0.369 
0.376 
0.343 
0.391 
0.359 
0.375 
0.3113 
0.399 
0.3114 
0.438 
0.447 
0.548 
0.469 
0.493 
0.560 
0.518 
0.434 
0.540 
0.5611 
0.476 
0.462 
0.562 
0.537 
0.650 
0.596 
0.452 
98.243 
100.066 
98.662 
99.507 
97.688 
96.634 
96.642 
92.121 
78.285 
71560 
79.932 
96.350 
88.510 
96.848 
98.503 
98.429 
97.973 
98.1108 
98.749 
97.596 
98.262 
98.516 
98.459 
99.333 
98.730 
99.023 
98.738 
98.648 
98.791 
98.482 
98.747 
99.013 
99.369 
98.997 
99.094 
98.659 
99.245 
99.4115 
99.1141 
99.317 
99.1138 
99.5211 
99.530 
99.210 
99.547 
99.867 
100.079 
99.619 
99.755 
99.399 
99.319 
99.210 
99.325 
99.470 
0.000 
0.012 
0.000 
0.043 
0.002 
0.030 
0.052 
0.043 
0.000 
0.027 
0.000 
0.000 
0.043 
0.039 
0.103 
0.000 
0.062 
0.000 
0.000 
0.028 
0.000 
0.065 
0.017 
0.000 
0.000 
0.039 
0.000 
0.001 
0.007 
0.000 
0.000 
0.010 
0.000 
0.000 
0.046 
0.034 
0.005 
0.078 
0.001 
0.000 
0.000 
0.001 
0.000 
0.012 
0.000 
0.025 
0.014 
0.000 
0.000 
0.010 
0.070 
0.080 
0.081 
0.000 
0.050 
0.032 
0.038 
0.007 
0.000 
0.033 
0.116 
0.045 
0.017 
0.042 
0.050 
0.019 
0.029 
0.000 
0.000 
0.000 
0.024 
0.004 
0.000 
0.034 
0.015 
0.000 
0.000 
0.000 
0.000 
0.052 
0.000 
0.000 
0.000 
0.013 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.007 
0.000 
0.027 
0.026 
0.021 
0.004 
0.033 
0.021 
0.005 
0.011 
0.000 
0.056 
0.001 
0.000 
0.041 
0.047 
0.000 
0.000 
0.127 
0.104 
0.094 
0.128 
0.282 
0.441 
0.231 
0.551 
0.320 
0.364 
0.344 
0.515 
0.269 
0.218 
0.194 
0.223 
0.185 
0.181 
0.145 
0.213 
0.137 
0.135 
0.172 
0.190 
0.190 
0.193 
0.209 
0.150 
0.167 
0.205 
0.146 
0.140 
0.145 
0.178 
0.175 
0.209 
0.149 
0.175 
0.124 
0.141 
0.171 
0.156 
0.154 
0.130 
0.167 
0.165 
0.148 
0.131 
0.139 
0.111 
0.130 
0.117 
0.176 
0.151 
0.375 
0.310 
0.292 
0.245 
0.724 
1.191 
1.165 
1.013 
1.021 
0.946 
1.056 
1.I02 
0.709 
0.942 
0.955 
1.027 
0.984 
0.938 
0.962 
1.020 
0.958 
0.955 
0.880 
0.883 
0.915 
0.816 
0.873 
0.769 
0.786 
0.762 
0.776 
0.818 
0.763 
0.761 
0.699 
0.704 
0.684 
0.650 
0.592 
0.583 
0.576 
0.566 
0.501 
0.472 
0.405 
0.430 
0.491 
0.441 
0.455 
0.442 
0.385 
0.317 
0.292 
0.270 
0.000 
0.008 
0.007 
0.000 
0.000 
0.021 
O.ot8 
0.001 
0.003 
0.000 
0.014 
0.000 
0.004 
0.000 
0.000 
0.007 
0.000 
0.000 
0.010 
0.000 
0.000 
0.000 
0.000 
0.009 
0.000 
0.007 
0.000 
0.000 
0.008 
0.000 
0.014 
0.007 
0.001 
0.000 
0.000 
0.012 
0.000 
0.014 
0.025 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.006 
0.008 
0.005 
0.000 
0.010 
0.000 
0.001 
0.000 
0.000 
Total 
100.743 
100.723 
100.273 
99.352 
101.058 
99.619 
100.635 
99.346 
98.756 
98.591 
94.055 
80.151 
73.280 
81.794 
98.414 
90.129 
99.052 
100.488 
100.400 
100.011 
100.678 
100.550 
99.567 
100.052 
100.348 
100.171 
101.277 
100.493 
100.759 
100.479 
100.155 
100.505 
100.188 
100.493 
100.612 
100.845 
100.514 
100.629 
100.310 
100.883 
101.129 
101.385 
100.955 
101.485 
101.035 
101.024 
100.748 
100.795 
101.237 
101.531 
101.112 
101.045 
100.916 
100.763 
100.662 
100.795 
100.696 
xxvi 
42 
43 
44 
45 
46 
47 
... 
49 
SO 
51 
52 
53 
54 
55 
56 
57 
51 
59 
60 
61 
62 
63 
64 
65 
66 
67 
2 
3 
4 
5 
6 
7 
I 
9 
10 
11 
12 
13 
14 
15 
16 
17 
II 
19 
20 
21 
22 
23 
24 
V 
26 
27 
11 
29 
30 
31 
0.105 0.035 0.211 0.015 96.815 0.008 0.027 0.210 1.124 0.000 
0.000 0.000 0.194 0.068 94.973 0.000 0.049 0.417 1.012 0.023 
0.064 
0.018 
0.012 
0.023 
0.053 
0.053 
0.058 
0.064 
0.082 
0.000 
0.000 
0.041 
0.023 
0.023 
0.088 
0.041 
0.041 
0.041 
0.000 
0.059 
0.082 
0.023 
0.012 
0.023 
0.012 
0.064 
0.041 
0.140 
0.029 
0.105 
0.035 
0.052 
0.070 
0.070 
0.099 
0.029 
0.105 
0.035 
0.117 
0.035 
0.076 
0.058 
0.000 
0.011 
0.076 
0.064 
0.076 
0.099 
0.145 
0.064 
0.058 
0.000 
0.087 
0.000 
0.116 
0.042 
0.000 
0.000 
0.004 
0.029 
0.016 
0000 
0.009 
0.000 
0000 
0018 
0.049 
0.000 
0.046 
0.007 
0.034 
0.001 
0.000 
0.030 
0.002 
0.022 
0.005 
0.007 
0.019 
0.046 
0.019 
0.000 
0.029 
0.003 
0.004 
0.029 
0.020 
0.029 
0.044 
0.000 
0.020 
0.000 
0.074 
1.303 
0.020 
0.006 
0.076 
0.034 
0.045 
0.021 
0.012 
0.000 
0.017 
0.022 
0.000 
0.000 
0.000 
0.034 
0.000 
0.020 
0.170 
0165 
0.207 
0.161 
0174 
0.228 
0.244 
0.203 
0.253 
0.236 
0.145 
0.137 
0.195 
0.232 
0.191 
0.170 
0.137 
0.128 
0.265 
0.087 
0.178 
0.157 
0.174 
0.323 
0.342 
0.165 
0.223 
0.268 
0.198 
0.194 
0.239 
0.227 
0.115 
0.161 
0.087 
0.103 
0.095 
O.IIS 
0.153 
0.041 
0.1l2 
0.115 
0.074 
0.1l2 
0.132 
0.000 
0.025 
0.111 
0.070 
0.128 
0.111 
0.037 
0.066 
0.103 
0.136 
0.001 
0.009 
0.014 
0.037 
0.000 
0.087 
0.026 
0.044 
0.055 
0.003 
0.070 
0.075 
0.051 
0.054 
0.080 
0.059 
0.066 
0.037 
0.084 
0.145 
0.104 
0.091 
0.064 
0.077 
0.198 
0.174 
0.196 
0.213 
0.264 
0.304 
0.301 
0.352 
0.387 
0.470 
0.388 
0.399 
0.394 
0.299 
0.457 
0.420 
0.443 
0.377 
0.393 
0.416 
0.404 
0.448 
0.426 
0.425 
0.395 
0.411 
0.389 
0.500 
0.443 
0.410 
0.571 
82.681 
75.058 
73.740 
68.905 
65.402 
68.057 
66.059 
65.959 
64.655 
62.601 
59.284 
61.961 
61.892 
61.SOO 
59.\31 
62.343 
58.254 
61.046 
61.416 
63.506 
79.211 
75.098 
81.919 
97.360 
99.636 
100.433 
84.949 
100.367 
100.525 
100.747 
100.660 
100.323 
99.374 
100.125 
98.901 
99.852 
80.815 
100.670 
99.239 
99.220 
99.948 
100.132 
100.365 
100.153 
101.180 
100.911 
95.771 
100.022 
100.573 
100.912 
100.053 
100.404 
100.475 
101.027 
100.563 
0.002 
0.000 
0.000 
0.072 
0.022 
0.000 
0.007 
0.000 
0.054 
0.006 
0.000 
0.000 
0.000 
0.000 
0.029 
0.000 
0.004 
0.008 
0.000 
0.007 
0.039 
0.000 
0.000 
0.000 
0.010 
0.016 
0.000 
0.016 
0.025 
0.035 
0.000 
0.046 
0.030 
0.049 
0.000 
0.000 
0.000 
0.000 
0.000 
0.060 
0.000 
0.000 
0.000 
0.144 
0.076 
0.008 
0.005 
0.096 
0.007 
0.006 
0.033 
0.030 
0.000 
0.029 
0.000 
0.035 
0.039 
0.010 
0.023 
0.012 
0.047 
0.032 
0.002 
0.033 
0.000 
0.044 
0.003 
0.000 
0.003 
0.029 
0.002 
0.001 
0.011 
0.000 
0.000 
0.017 
0.039 
0.010 
0.046 
0.002 
0.025 
0.000 
0.000 
0.009 
0.014 
0.000 
0.013 
0.000 
0.009 
0.066 
0.022 
0.000 
0.000 
0.162 
0.065 
0.014 
0.014 
0.036 
0.027 
0.037 
0.017 
0.000 
0.034 
0.000 
0.000 
0.000 
0.027 
0.002 
0.000 
0.028 
0.202 
0.181 
0.157 
0.171 
0.158 
0.165 
0.214 
0.413 
0.205 
0.134 
0.243 
0.315 
0.268 
0.207 
0.250 
0.295 
0.235 
0.336 
0.267 
0.363 
0.549 
0.259 
0.242 
0.357 
0.163 
0.201 
0.140 
0.138 
0.163 
0.173 
0.172 
0.174 
0.142 
0.151 
0.143 
0.176 
0.134 
0.140 
0.136 
0.103 
0.143 
0.107 
0.141 
0.131 
0.153 
0.144 
0.140 
0.142 
0.126 
0.124 
0.118 
0.190 
0.148 
0.137 
0.138 
\.117 
1.012 
1.025 
0.977 
0.981 
1.000 
0.942 
1.021 
0.979 
0.997 
0.910 
0.938 
0.916 
0.952 
0.895 
0.934 
0.913 
0.952 
0.947 
0.994 
1.002 
0.954 
1.084 
0.996 
0.766 
0.885 
0.767 
0.778 
0.712 
0.686 
0.663 
0.733 
0.699 
0.638 
0.709 
0.647 
0.700 
0.653 
0.689 
0.733 
0.683 
0.612 
0.622 
0.675 
0.660 
0.589 
0.582 
0.519 
0.497 
0.549 
0.538 
0.495 
0.456 
0.441 
0.416 
0.000 
0.000 
0.009 
0.000 
0.002 
0.009 
0.003 
0.011 
0.000 
0.000 
0.000 
0.005 
0.013 
0.000 
0.000 
0.000 
0.000 
0.006 
0.002 
0.000 
0.007 
0.023 
0.000 
0.019 
0.000 
0.009 
0.025 
0.009 
0.010 
0.002 
0.001 
0.022 
0.000 
0.000 
0.007 
0.000 
0.005 
0.007 
0.022 
0.000 
0.025 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.012 
0.000 
0.000 
0.000 
0.014 
0.000 
0.000 
0.007 
Total 
98.550 
96.736 
84.314 
76.482 
75.174 
70.373 
66.833 
69.662 
67.585 
67.726 
66.316 
63.977 
60.714 
63.524 
63.358 
63.017 
60.700 
63.878 
59.652 
62.565 
63.011 
65.163 
81.211 
76.649 
83.512 
99.220 
101.175 
101.991 
86.341 
101.958 
101.938 
102.264 
102.100 
101.962 
100.846 
101.717 
100.400 
101.248 
82.248 
101.993 
102.278 
100.697 
101.470 
101.491 
101.665 
102.504 
102.739 
102.193 
97.025 
101.477 
101.&35 
102.194 
101.300 
101.697 
101.711 
102.217 
101.995 
xxvii 
32 0.076 0.025 0.132 0.592 100.616 0.000 0.023 0.126 0.409 0.000 
33 0.041 0.020 0.099 0.505 100.879 0.099 0.017 0.160 0.357 0.000 
34 0.035 0.000 0.091 0371 85348 0.000 0.000 0.144 0.350 0.000 
3S 0.046 0.015 0.066 0.389 100.782 0.047 0.048 0.084 0.369 0.009 
36 0.093 0.0311 0.095 0.442 100.797 0.004 0.000 0.138 0.339 0.001 
37 0.128 0.059 0.082 0.421 100.741 0.043 0.003 0.105 0.300 0.000 
3' 0.029 0023 0.115 0.494 100.818 0.000 0.000 0.150 0.344 0.006 
39 0.157 0.034 0.124 0.469 100.699 0.076 0.012 0.110 0.338 0.000 
-to 
41 
42 
43 
44 
4S 
46 
47 
41 
49 
SO 
2 
3 
4 
S 
6 
7 
• 
9 
10 
II 
12 
U 
14 
IS 
16 
17 
II 
19 
20 
21 
22 
23 
24 
2S 
26 
27 
21 
29 
30 
31 
32 
33 
34 
35 
36 
37 
31 
0.128 
0.128 
0.099 
0.023 
0.000 
0.035 
0.099 
0.041 
0.076 
0.140 
0.023 
0.117 
0.134 
0.064 
0.093 
0.064 
0.139 
0.000 
0.012 
0.087 
0.110 
0.070 
0.070 
0.117 
0.198 
0.023 
0.041 
0.093 
0.111 
0.023 
0.128 
0.087 
0.087 
0.093 
0.017 
0.087 
0.076 
0.087 
0.064 
0.047 
0.105 
0.070 
0.064 
0.070 
0.128 
0.064 
0.099 
0.140 
0.029 
0.020 
0.077 
0.028 
0.021 
0.026 
0.033 
0.012 
0.023 
0.000 
0.055 
0.008 
0.009 
0.021 
0.019 
0.034 
0.005 
0.002 
0.042 
0.016 
0.QI5 
0.059 
0.022 
0.0S6 
0.011 
0.022 
0.000 
0.025 
0.058 
0.005 
0.032 
0.055 
0.000 
0.028 
0.023 
0.027 
0.045 
0.025 
0.0S6 
0000 
0.000 
0.051 
0.042 
0.005 
0.057 
0.QI8 
0.027 
0.0\3 
0.034 
0000 
0.120 
0.293 
0.326 
0.338 
0.285 
0.190 
0169 
0.165 
0.235 
0.223 
0.268 
0.208 
0.248 
0.214 
0.227 
0.379 
0.202 
0.157 
0.179 
0.197 
0.193 
0.210 
0.198 
0lS3 
0.120 
0.215 
0.070 
0.095 
0.103 
0.107 
0.177 
0.099 
0.161 
0.091 
0.049 
0.140 
0.025 
0.107 
0.066 
0.140 
0.041 
0.132 
0.116 
0.095 
0.087 
0.371 
0.273 
0.294 
0.302 
0.371 
0.253 
0.043 
0.042 
0.051 
0.002 
0.034 
0.048 
0.044 
0.036 
0.048 
0.207 
0.247 
0.248 
0.218 
0298 
0.230 
0.296 
0.300 
0.334 
0.419 
0.478 
0.454 
0.468 
0.420 
0.402 
0.391 
0.379 
0.434 
0500 
0.523 
0.460 
0.550 
0.452 
0.431 
0.482 
0.552 
0.429 
0.439 
0.530 
0.506 
0.541 
0.579 
0.443 
0.397 
0.560 
0.040 
0.063 
0.030 
100.709 
98.627 
97.425 
94.749 
74.092 
73.458 
69.352 
71.198 
84.135 
96.137 
96.876 
98.116 
98.581 
97.857 
97.947 
98.035 
98283 
98.397 
85.350 
98.611 
98.651 
98.790 
98.788 
99.442 
99.442 
98.782 
99.480 
99.756 
99262 
98.804 
100.030 
99.253 
99.050 
99.188 
99259 
99.073 
99.599 
98.607 
99.349 
100.079 
99.834 
100.036 
100.016 
100.743 
100.144 
100.738 
96.389 
89.222 
87.194 
0.000 
0.077 
0.019 
0.000 
0.033 
0.000 
0.031 
0.000 
0.014 
0.000 
0.001 
0.000 
0.000 
0.033 
0.016 
0.047 
0.048 
0.000 
0.000 
0.000 
0.018 
0.107 
0.000 
0.000 
0.069 
0.089 
0.022 
0.000 
0.049 
0.060 
0.010 
0.008 
0.037 
0.049 
0.008 
0.029 
0.045 
0.000 
0.000 
0.005 
0.000 
0.071 
0.018 
0.011 
0.010 
0.070 
0.007 
0.000 
0.041 
0.070 
0.000 
0.002 
0.000 
0.039 
0.017 
0.041 
0.019 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.045 
0.032 
0.007 
0.000 
0.002 
0.015 
0.030 
0.011 
0.007 
0.000 
0.000 
0.026 
0.064 
0.025 
0.017 
0.000 
0.000 
0.007 
0.000 
0.012 
0.021 
0.030 
0.004 
0.000 
0.000 
0.012 
0.000 
0.050 
0.011 
0.056 
0.043 
0.035 
0.150 
0.190 
0.597 
0.246 
0.339 
0.329 
0.386 
0.366 
0.376 
0.514 
0.445 
0.225 
0.172 
0.157 
0.152 
0.139 
0.194 
0.186 
0.179 
0.192 
0.183 
0.170 
0.161 
0.170 
0.177 
0.131 
0.144 
0.134 
0.163 
0.155 
0.146 
0.178 
0.141 
0.148 
0.132 
0.148 
0.139 
0.106 
0.152 
0.152 
0.129 
0.139 
0.141 
0.086 
0.104 
0.101 
0.466 
0.322 
0.296 
0.277 
0.685 
1.115 
1.113 
1.003 
1.028 
0.959 
1.035 
l.01O 
1.029 
1.061 
0.698 
0.725 
0.782 
0.843 
0.797 
0.732 
0.816 
0.817 
0.741 
0.636 
0.624 
0.624 
0.654 
0.590 
0.616 
0.643 
0.579 
0.600 
0.596 
0.589 
0.528 
0.496 
0.491 
0.483 
0.511 
0.557 
0.487 
0.468 
0.439 
0.446 
0.409 
0.401 
0291 
0.284 
0.226 
0.955 
1.016 
1.142 
0.013 
0.004 
0.004 
0.012 
0.000 
0.008 
0.000 
0.010 
0.018 
0.000 
0.020 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.016 
0.020 
0.007 
0.000 
0.018 
0.001 
0.000 
0.030 
0.001 
0.000 
0.007 
0.005 
0.019 
0.010 
0.000 
0.016 
0.014 
0.018 
0.000 
0.000 
0.010 
0.000 
0.000 
0.000 
0.014 
0.012 
0.000 
0.008 
0.003 
0.010 
0.015 
0.016 
Total 
101.999 
102.177 
86.339 
101.855 
101.947 
101.882 
101.979 
102.019 
101.858 
100.334 
99.658 
96.544 
75.868 
75.100 
71.083 
72.905 
85.908 
98.134 
98.750 
99.580 
100.128 
99.374 
99.531 
99.764 
99.830 
99.955 
86.905 
100.191 
100.269 
100.491 
100.367 
101.045 
101.079 
100.266 
100.816 
10l.l01 
100.758 
100.360 
101.693 
100.630 
100.566 
100.549 
100.431 
100.515 
101.030 
99.910 
100.568 
101.396 
101.112 
101.454 
101.364 
101.796 
101.230 
102.171 
98.308 
91.149 
89.085 
xxviii 
39 0.1 OS 0000 0.231 0.031 76.4S2 0.07S 0.020 0.209 1.1l0 0.000 
40 0.OS3 0.047 0.227 0 106 70.02S 0.002 0.019 0.339 0.9S4 O.OOS 
41 0.029 0000 0.290 0.034 73.170 0.018 0.016 0.310 1.077 O.OIS 
42 0.012 0.034 0.248 0.056 69.303 0.006 0.031 0.396 0.993 0.026 
43 0.088 O.07S 0.191 0.068 SO.74 I 0.000 0.02S 0.378 1.037 0.000 
44 0.041 0.035 0.227 0.067 97.234 0.034 0.071 0.317 1.019 0.010 
45 0.134 0011 0232 0.087 96.447 0.013 0.003 0.473 1.088 0.010 
46 0.163 0.038 0.248 0.OS7 96.56S 0.000 0.000 0.472 1.036 0.017 
Sample 2 
2 
3 
4 
5 
6 
7 
I 
9 
10 
II 
12 
13 
14 
15 
16 
17 
II 
19 
20 
21 
21 
23 
14 
2S 
26 
27 
21 
29 
30 
31 
1.328 
1.187 
1.140 
1.194 
1.110 
I.1S2 
I.IS9 
1.14S 
1.1 so 
1.1 so 
1.124 
1.114 
I.IS2 
1.120 
1.1 SO 
1.188 
USI 
1.17S 
1229 
1.162 
1.14S 
1.162 
1.078 
1.081 
1.13S 
1.126 
0.469 
0.691 
1.0" 
1.095 
1.147 
0.098 
0.083 
0.095 
0.031 
0.064 
0.036 
0.024 
0.033 
0.076 
0.033 
0.033 
0.049 
0.094 
0.125 
0.068 
0.OS2 
O.04S 
0.049 
0.021 
0.003 
0.044 
0.076 
0.098 
0.067 
0.019 
0.006 
0.468 
0.067 
0.007 
0.090 
0.01l 
0.408 
0.323 
0.359 
0.246 
0.S4O 
0.424 
0.282 
0.343 
0.319 
0.420 
0.424 
0.355 
0.246 
0.307 
0.291 
0.234 
0234 
O.IM 
0.16S 
0.1 J3 
OIM 
0.222 
0.270 
0.161 
0282 
0.303 
0.491 
0.194 
0.238 
023S 
0.182 
32 1.114 0.081 0.271 
33 1.014 O.06S 0.247 
:i •• £asllell (GtllJlUglllbu) 
Sample I 
I 
2 
3 
4 
, 
6 
7 
I 
9 
10 
II 
12 
13 
14 
2.059 
1.125 
0.724 
0.496 
0.4504 
0.423 
0.513 
0.297 
0.309 
0.3SO 
0.140 
0.157 
0204 
0.099 
0.129 
0.086 
0.010 
0.007 
ooso 
0.654 
0.104 
O.ISO 
0.029 
0.451 
1.333 
0.017 
1.401 
0.000 
0.099 
0.112 
0.066 
0.070 
0.OS8 
0.033 
0120 
0.091 
0.091 
0062 
0124 
0.033 
0409 
0.071 
027S 
0.222 
0.364 
0.467 
0.39S 
0.473 
0.S14 
0.506 
0.541 
0.567 
0.SS8 
0.567 
0.521 
0.541 
0.5SI 
0.4S9 
0.454 
0.387 
0.2S5 
0.000 
0000 
0.000 
0.000 
0.000 
0.068 
O.04S 
0.048 
0.002 
0.000 
0.000 
0000 
0.000 
0000 
2.056 
1.901 
2.037 
1.891 
1.604 
1.744 
1.288 
1.168 
1.167 
0.742 
0.801 
0.525 
0.332 
0.307 
97.743 
99229 
100.710 
98.200 
100.232 
100.483 
99.S08 
99.949 
99.43S 
100.224 
100.188 
99.074 
99.590 
98.473 
99.262 
99.818 
99.740 
99.540 
99.609 
97.419 
98.713 
98.092 
99.349 
98.519 
98.359 
97.942 
29.80S 
64.1 SO 
9S.S32 
96.9S2 
97.761 
96.764 
97.012 
92.938 
93.691 
94.733 
94.874 
95.972 
91.8\3 
95.708 
95.091 
96.120 
92.336 
79.329 
98.844 
82.930 
97.744 
0.002 
0.000 
0.009 
0.018 
0.000 
0.000 
0.000 
0.016 
0.000 
0.000 
0.027 
0.000 
0.022 
0.011 
0.008 
0.000 
0.000 
0.000 
0.000 
0.000 
0.023 
0.000 
O.OSI 
0.000 
0.009 
0.000 
0.000 
0.044 
0.000 
0.000 
0.000 
0.000 
0.029 
0.028 
0.039 
0.010 
0.000 
0.019 
0.029 
0.000 
0.000 
0.000 
0.028 
0.000 
0.000 
0.029 
0.025 
0.000 
O.OSI 
0.000 
0.016 
0.000 
0.014 
0.000 
0.007 
0.033 
0.061 
0.051 
0.036 
0.076 
0.000 
0.052 
0.007 
0.000 
0.000 
0.01l 
0.038 
0.000 
0.018 
0.023 
0.013 
0.025 
0.027 
0.137 
0.000 
0.063 
0.072 
0.000 
0.024 
0.051 
0.026 
0.000 
0.031 
0.000 
0.000 
0.091 
0.000 
0.000 
0.000 
0.029 
0.048 
0.015 
0.0\3 
0.000 
0.070 
0.183 
0.189 
0.182 
0.21S 
0.244 
0.197 
0.172 
0.210 
0.186 
0.169 
0.176 
0.169 
0.218 
0.184 
0.146 
0.213 
0.148 
0.177 
0.169 
0.2S6 
0.191 
0.148 
0.170 
0.160 
0.137 
0.123 
0.131 
0.149 
0.156 
0.004 
0.001 
0.011 
0.096 
0.092 
0.072 
0.099 
0.112 
0.076 
0.OS2 
0.073 
0.037 
0.000 
0.071 
0.OS6 
0.024 
0.039 
1.373 
1.190 
I.2S2 
1.328 
L184 
1.269 
1.392 
1.28S 
1.3 SO 
1.274 
1.234 
1.186 
1.192 
1.239 
1.129 
1.147 
I.04S 
0.909 
0.711 
1.370 
1.292 
1.333 
1.396 
1.283 
1.224 
1.238 
O.S99 
0.884 
1.337 
1.428 
1.303 
1.312 
1.478 
0.206 
0.167 
0.137 
0.134 
0.128 
0.122 
0.147 
0.122 
O.lS8 
0.124 
0.190 
0.19S 
0.201 
0.310 
0.023 
0.000 
0.017 
0.000 
0.001 
0.001 
0.001 
0.024 
0.000 
0.007 
0.004 
0.025 
0.016 
o.olS 
0.023 
0.028 
0.000 
0.000 
0.010 
0.009 
0.000 
0.007 
0.000 
0.020 
0.000 
o.olS 
0.063 
0.009 
0.006 
0.010 
0.000 
0.009 
0.006 
0.118 
0.109 
0.070 
0.061 
0.067 
0.078 
O.OSO 
0.064 
0.074 
0.042 
0.018 
0.020 
0.010 
0.014 
Total 
78.233 
71.m 
74.9S9 
71.1 OS 
82.603 
99.0SS 
98.498 
98.596 
101.320 
102.468 
104.l35 
101.682 
103.741 
104.096 
103.077 
103.480 
103.114 
103.922 
103.812 
102.582 
103.078 
102.049 
102.718 
103.079 
102.882 
102.373 
102.188 
100.283 
101.638 
10LlOI 
102.413 
101.314 
101.281 
100.839 
32.203 
66.172 
98.407 
100.038 
100.410 
99.576 
99.983 
97.7SS 
97.322 
97.890 
97.632 
98.464 
9S.063 
97.982 
97.056 
98.68S 
94.171 
82.061 
99.862 
8S.S60 
98.616 
xxix 
15 0.023 0.075 0.082 0.470 97.500 0.000 0.000 0.037 0.320 0.020 
16 0.017 0.011 0.062 0.868 96.042 0.000 0.000 0.056 0.442 0.000 
17 0.000 0.154 0.128 1.363 94.384 0.000 0000 0.031 0.506 0.010 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
1.940 
1.039 
0.665 
0.181 
0.431 
0.356 
0.403 
0.380 
0.321 
0.262 
0.362 
0.192 
0.192 
0.093 
0.093 
0.017 
0.152 
2.331 
1.021 
0.718 
0.546 
0.508 
0.437 
0.449 
0.332 
0.134 
0.146 
0.181 
0.163 
0.233 
0.105 
0.047 
0.070 
2.092 
1.144 
0.339 
0.646 
0.555 
0.607 
0.297 
0.498 
0.378 
0.356 
0.210 
0.169 
0.192 
0.169 
0.023 
0.117 
0.000 
0.031 
0.027 
0.046 
0.167 
0.029 
0.045 
0.043 
0.072 
0.014 
0.033 
0.387 
0.129 
0.052 
1.707 
0.020 
0.056 
0.074 
0.121 
0.034 
0.049 
0.008 
0.064 
0.005 
0.076 
0.031 
0.023 
0.142 
0.020 
0.000 
0.010 
0.007 
0.335 
0.101 
0.034 
0.054 
0.044 
4.047 
0.031 
0.029 
0.038 
0.026 
0.023 
0.065 
0.010 
0.067 
0.089 
0.250 
0.212 
0.577 
0.000 
0.062 
0.074 
0.079 
0.137 
0.074 
0.165 
0.116 
0.128 
0.058 
0.087 
0.045 
0.041 
0.004 
0.186 
0.103 
0.033 
0.562 
0.133 
0.045 
0.000 
0.071 
0.128 
0.145 
0.074 
0.025 
0.045 
0.173 
0.041 
0.082 
0.054 
0.132 
0.000 
0.116 
0.129 
0.149 
0.153 
0.004 
0.095 
0.108 
0.091 
0.091 
0.070 
0.112 
0.074 
0.021 
0.107 
0.124 
0.103 
0.095 
0.041 
2.026 
2.112 
1.804 
0.687 
1.609 
1.352 
1.245 
1.189 
1.083 
1.087 
0.893 
0.541 
0.404 
0.301 
0.652 
0.824 
I.515 
2.040 
2.071 
1.974 
1.832 
1.532 
1.452 
1.193 
1.307 
1.184 
0.505 
1.137 
0.819 
0.663 
0.508 
0.517 
0.612 
2.152 
2.044 
\.030 
1.751 
1.554 
1.528 
1.332 
1.237 
1.101 
0.904 
0.812 
0.681 
0.461 
0.391 
0.543 
\.000 
\.053 
94.387 
94.802 
94.831 
37.032 
94.754 
95.016 
95.873 
95.100 
96.492 
95.419 
96.944 
97.747 
97.283 
86.860 
97.722 
94.514 
89.738 
94.097 
94.703 
95.941 
95.218 
95.730 
95.147 
93.769 
96.606 
96.158 
45.350 
98.169 
98.142 
98.615 
99.331 
98.860 
97.531 
94.089 
93.S56 
50.267 
92.520 
95.704 
94.975 
95.461 
95.688 
95.810 
96.224 
97.132 
97.914 
97.428 
93.504 
96.947 
92.173 
97.580 
0.000 
0.006 
0.039 
0.024 
0.023 
0.036 
0.000 
0.005 
0.040 
0.040 
0.000 
0.068 
0.006 
0.000 
0.019 
0.021 
0.005 
0.042 
0.000 
0.000 
0.030 
0.017 
0.000 
0.000 
0.000 
0.050 
0.000 
0.000 
0.072 
0.013 
Om1 
0.000 
0.000 
0.027 
0.000 
0.000 
0.005 
0.056 
0.011 
0.008 
0.041 
0.000 
0.019 
O.ot8 
0.006 
0.000 
0.000 
0.000 
0.000 
0.010 
0.053 
0000 
0.000 
0.021 
0.000 
0.000 
0.000 
0.027 
0.000 
Om5 
0.000 
0.000 
0.023 
0.134 
0.000 
0.022 
0.003 
0.001 
0.025 
0.024 
0.000 
0.000 
0.053 
0.000 
0.000 
0.013 
0.007 
0.000 
0.000 
0.007 
0.005 
0.004 
0.033 
0.000 
0.000 
0.000 
0.000 
0.007 
0.000 
0.014 
0.000 
0.000 
0.000 
0.000 
0.007 
0.022 
0.061 
0.037 
0.019 
0.000 
0.076 
0.113 
0.065 
0.049 
0.075 
0.086 
0.086 
0051 
0.057 
0.007 
0.048 
0.031 
0.043 
0.035 
0.064 
0.057 
0.034 
0.062 
0.074 
0.094 
0.071 
0.066 
0.048 
0.055 
0.068 
0.024 
0.033 
0.070 
0.049 
0.020 
0.017 
0.077 
0.037 
0.089 
0.087 
0.074 
0.056 
0.065 
0.063 
0.057 
0.027 
0.042 
0.038 
0.048 
0.007 
0.034 
0.007 
0.041 
0.006 
0.077 
0.173 
0137 
0.142 
0.054 
0.124 
0.153 
0.122 
0.131 
0.126 
0.153 
0.153 
0.201 
0.265 
0.276 
0.369 
0.323 
0.682 
0.168 
0.168 
0.177 
0.146 
0.177 
0.153 
0.123 
0.125 
0.146 
0.071 
0.125 
0.145 
0.193 
0.222 
0.192 
0.391 
0.177 
0.196 
0.082 
0.170 
0.168 
0.133 
0102 
0.130 
0.147 
0.120 
0.124 
0.227 
0.192 
0.281 
0.192 
0.256 
0.420 
0.107 
0.068 
0104 
0.031 
0043 
0093 
0.057 
0.049 
0081 
0.069 
0044 
0.028 
0.021 
0.033 
0.033 
0.000 
0.000 
0.090 
0.083 
0.094 
0.088 
0.101 
0065 
0.062 
0.073 
0.076 
0.024 
0055 
0.017 
0.012 
0028 
0.007 
Om8 
0075 
0.100 
0.032 
0063 
O.IOS 
0.074 
0.090 
0088 
0.048 
0034 
0.039 
0.036 
O.ot8 
0.005 
0.000 
0.007 
0.000 
Total 
98.527 
97.498 
96.576 
98.855 
98378 
97.775 
38.383 
97.162 
97302 
97.945 
97.132 
98.272 
97.172 
98.876 
98.978 
98.293 
89.6B 
99.075 
95.867 
92.765 
99.085 
98.224 
99071 
98.010 
98323 
97.S0~ 
95.801 
98.567 
97.853 
46.451 
99.798 
994119 
99.820 
100.436 
100.039 
98.909 
98.864 
97)30 
52.021 
99262 
98.340 
97.528 
97.490 
97826 
97619 
97872 
98.467 
99135 
98543 
94792 
91.098 
94.2SO 
99.181 
)(Xx 
Point P1(COJ)5 SI(COJ)l S(COJh MI(COJ) Ca(CO, ) Ma(COJ ) Fe(COJ ) SI1CO,) Naz«COJ ) Kz{<:OJ) Tota' 
SampJe2 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
\3 
14 
IS 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2.428 
1.414 
0.902 
0.603 
0.639 
0.803 
0.686 
0.668 
0.656 
0.603 
0.439 
0.533 
0.392 
0.334 
0.287 
0.207 
0.258 
0.123 
0.129 
0.006 
0.199 
0.123 
0.059 
0.135 
0.064 
0.181 
0.000 
6.385 
2.251 
1.138 
0.8\0 
0.580 
0.569 
0.516 
0.616 
0.698 
0.527 
0.521 
0.545 
0.381 
0.480 
0.240 
0.246 
0.182 
0.111 
0.164 
0.053 
0.000 
0.000 
0.023 
0.053 
0.053 
0.080 
0.164 
0.030 
0.005 
0.048 
0.043 
0.076 
0.045 
0.089 
0.077 
0.109 
0.090 
0.080 
0.019 
0.038 
5.897 
0.051 
0.019 
0.047 
0.065 
0.051 
0.047 
0.000 
0.000 
0.061 
0.097 
0.026 
0.115 
0.038 
0.000 
0.062 
0.043 
0.028 
0.038 
0.001 
0.073 
0.027 
0.008 
0.023 
0.024 
0.051 
0.047 
0.027 
0.024 
0.066 
0.043 
0.004 
0.027 
0.000 
0.077 
0.009 
0.030 
0.083 
0.100 
0.157 
0.087 
0.174 
0.104 
0.021 
0.120 
0.128 
0.149 
0.161 
0.132 
0.174 
0.108 
0.062 
0.075 
0.046 
0.087 
0.041 
0.091 
0.087 
0.079 
0.079 
0.012 
0.037 
0.079 
0.025 
0.385 
0.087 
0.141 
0.182 
0.128 
0.\04 
0.046 
0.203 
0.220 
0.070 
0.062 
0.153 
0.095 
0.099 
0.033 
0.029 
0.054 
0.103 
0.099 
0.066 
0.083 
0.000 
0.041 
0.166 
0.435 
1.931 
1.778 
2.056 
1.738 
2.055 
1.946 
2.007 
1.677 
1.695 
1.421 
1.192 
0.995 
0.989 
0.793 
0.795 
0.746 
0.736 
0.592 
0.599 
0.457 
0.341 
0.368 
0.414 
0.597 
0.946 
0.843 
\.109 
2.615 
1.765 
1.920 
1.943 
1.691 
1.948 
2.042 
1.894 
1.695 
1.354 
\.201 
1.127 
0.949 
0.891 
0.804 
0.553 
0.579 
0.436 
0.341 
0.366 
0.356 
0.519 
0.667 
1.184 
1.468 
98.308 
96.257 
95.431 
96.480 
95.710 
95.950 
94.888 
95.491 
95.112 
95.117 
96.389 
96.\36 
95.096 
96.006 
96.932 
94.514 
97.607 
98.899 
98.674 
97.979 
97.541 
98.053 
99.148 
98.615 
97.430 
89.923 
98.199 
91.260 
97.320 
96.245 
95.116 
95.767 
94.663 
94.617 
95.151 
94.959 
95.849 
95.102 
96.328 
96.363 
97.113 
97.662 
98.333 
97.698 
98.276 
96.704 
97.293 
97.886 
98.993 
98.719 
94.305 
93.623 
0.000 
0.000 
0.000 
0.074 
0.038 
0.000 
0.095 
0.056 
0.051 
0.026 
0.100 
0.018 
0.038 
0.000 
0.000 
0.031 
0.000 
0.038 
0.115 
0.015 
0.021 
0.121 
0.000 
0.000 
0.059 
0.010 
0.087 
0.000 
0.000 
0.000 
0.074 
0.033 
0.000 
0.000 
0.054 
0.082 
0.000 
0.026 
0.036 
0.000 
0.000 
0.041 
0.072 
0.003 
0.000 
0.028 
0.000 
0.092 
0.000 
OotS 
0.046 
0.000 
0.000 
0.031 
0.000 
0.000 
0.000 
0.035 
0.029 
0.000 
0.000 
0.000 
0.025 
0.036 
0.010 
0.000 
0.002 
0.096 
0.014 
0.000 
0.017 
0.048 
0.025 
0.028 
0.043 
0.000 
0.012 
0.019 
0.055 
0.033 
0.047 
0.005 
0.000 
0.010 
0.021 
0.054 
0.000 
0.045 
0.013 
0.045 
0.004 
0.013 
0.030 
0.053 
0.000 
0.000 
0.023 
0.035 
0.000 
0.000 
0.000 
0.005 
0.013 
0.015 
0.040 
0.066 
0.000 
0.050 
0.059 
0.025 
0.010 
0.035 
0.035 
0.037 
0.040 
0.054 
0.044 
0.039 
0.038 
0.032 
0.020 
0.050 
0.060 
0.031 
0.000 
0.015 
0.047 
0.029 
0.039 
0.019 
0.014 
0.0\0 
0.004 
0.030 
0.029 
0.031 
0.000 
0.026 
0.019 
0.020 
0.000 
0.034 
0.000 
0.012 
0.003 
0.001 
0.013 
0.010 
0.030 
0.055 
0.007 
0.005 
0.041 
0.031 
0.0\0 
0.020 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nil 
nla 
nla 
nla 
nla 
nla 
nla 
nil 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nil 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nla 
nil 
0.102 
0.115 
0.090 
0.104 
0.0% 
0.087 
0.076 
0.066 
0.095 
0.077 
0030 
0.044 
0.073 
0.030 
0054 
0.117 
0.047 
0.032 
0.000 
0.020 
0.023 
0.036 
0.002 
0.022 
0.014 
0.002 
0.002 
0.120 
0.110 
0.098 
0.oq7 
0.087 
0102 
0.101 
0058 
0.075 
0.081 
0.063 
0.049 
0.043 
0.040 
0.024 
0.000 
0032 
0.016 
0.006 
0.000 
0.006 
0000 
0.019 
0.000 
0.028 
102.972 
99.92~ 
98.666 
99.141 
98.819 
98.99.1 
97.888 
98.158 
97.861 
97.507 
98 48~ 
98038 
96.8% 
97.329 
98.208 
101.715 
98.779 
99.840 
99682 
98.712 
98.288 
98.870 
99.792 
99.410 
98.662 
91.173 
99.517 
100.923 
101622 
99.577 
911313 
98.370 
97.43~ 
97.440 
97996 
97.867 
97.921 
97062 
98.265 
97.880 
98.707 
98.905 
99.273 
98582 
99.061 
97.475 
97.789 
98.455 
99.553 
99.597 
95.786 
95672 
xxxi 
Microprobe Analyses expressed as elements 
Terebratulina retusa 
Sample I 
Point 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
\3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
P 
0.011 
0.014 
0.009 
0.010 
0.009 
0.010 
0.011 
0.015 
0.007 
0.001 
0.001 
0.004 
0.007 
0.003 
0.004 
0.003 
0.005 
0.000 
0.010 
0.002 
0.007 
0.003 
0.006 
0.004 
0.003 
0.003 
0.000 
0.012 
0.010 
0.005 
0.010 
0.021 
0.019 
0.011 
0.006 
0.007 
0.004 
0.000 
0.004 
0.004 
0.002 
0.000 
0.001 
0.003 
0.018 
0.003 
0.005 
0.000 
0.000 
0.005 
0.005 
Si 
0.005 
0.005 
0.003 
0.005 
0.004 
0.005 
0.014 
0.003 
0.000 
0.004 
0.006 
0.005 
0.001 
0.004 
0.002 
0.002 
0.008 
0.000 
0.454 
0.016 
0.004 
0.002 
0.004 
0.003 
0.042 
0.007 
0.000 
0.004 
0.007 
0.003 
0.000 
0.000 
0.003 
0.008 
0.004 
0.003 
0.010 
0.010 
0.010 
0.006 
0.000 
0.007 
0.005 
0.009 
0.006 
0.008 
0.004 
0.006 
0.Q31 
0.000 
0.005 
s 
0.309 
0.298 
0.267 
0.191 
0.185 
0.191 
0.226 
0.200 
0.135 
0.159 
0.159 
0.153 
0.163 
0.160 
0.186 
0.157 
0.160 
0.194 
0.193 
0.183 
0.194 
0.240 
0.280 
0.272 
0.332 
0.304 
0.000 
0.278 
0.276 
0.263 
0.222 
0.277 
0.222 
0.149 
0.190 
0.151 
0.146 
0.155 
0.128 
0.155 
0.171 
0.187 
0.190 
0.234 
0.228 
0.207 
0.174 
0.176 
0.190 
0.247 
0.185 
Ma 
1.542 
1.169 
0.995 
0.403 
0.301 
0.281 
0.423 
0.743 
0.193 
0.157 
0.185 
0.149 
0.185 
0.212 
0.253 
0.219 
0.216 
0.200 
0.158 
0.213 
0.197 
0.217 
0.265 
0.278 
0.342 
0.897 
0.000 
0.679 
0.555 
0.323 
0.478 
0.748 
0.734 
0.209 
0.212 
0.216 
0.180 
0.170 
0.161 
0.212 
0.249 
0.216 
0.292 
0.302 
0.450 
0.289 
0.334 
0.265 
0.280 
0.316 
0.252 
Ca 
36.756 
36.403 
33.918 
38.453 
39.089 
38.856 
38.502 
38.105 
38.811 
38.788 
38.775 
38.839 
38.646 
38.834 
38.470 
38.835 
38.569 
38.819 
31.665 
38.316 
38.480 
38.141 
38.207 
38.191 
38.047 
37.326 
0.000 
36.302 
38.316 
37.588 
38.425 
37.813 
37.996 
38.847 
38.673 
38.965 
38.710 
39.118 
38.821 
38.772 
38.764 
38.686 
38.405 
38.537 
38.394 
38.777 
38.130 
38.697 
37.971 
38.240 
32.493 
0.000 
0.000 
0.005 
0.000 
0.004 
0.006 
0.006 
0.000 
0.000 
0.019 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.009 
0.019 
0.000 
0.000 
0.000 
0.006 
0.000 
0.000 
0.008 
0.000 
0.000 
0.009 
0.000 
0.000 
0.009 
0.031 
0.007 
0.014 
0.000 
0.000 
0.005 
0.009 
0.020 
0.023 
0.000 
0.008 
0.003 
0.013 
0.022 
0.016 
0.005 
0.035 
0.027 
0.000 
0.000 
0.006 
0.000 
0000 
0.000 
0.000 
0.025 
0.000 
0.000 
0.007 
0.000 
0.002 
0.000 
0.004 
0.000 
O.oJ8 
0.005 
0.000 
0.000 
0.021 
0.000 
0.000 
0.000 
0.000 
0.000 
0.006 
0.000 
0.000 
0.013 
0.016 
0.003 
0.008 
0.027 
0.000 
0.000 
0.000 
0.000 
0.000 
0.012 
0.000 
0.012 
0.000 
0.001 
0.003 
0.001 
0.000 
0.010 
0.022 
0.004 
0.004 
0.023 
0.000 
Sr 
0.150 
0.145 
0.120 
0.096 
0.106 
0.084 
0.087 
O.IIS 
0.103 
0.124 
0.132 
0.077 
0.122 
0.120 
0.129 
0.122 
0.113 
0.115 
0.090 
0.133 
0.122 
0.152 
0.142 
0.147 
0.161 
0.159 
0.000 
0.105 
0.120 
0.113 
0.113 
0.122 
0.109 
0.098 
0.135 
0.116 
0.118 
0.116 
0.096 
0.123 
0.099 
0.118 
0.123 
0.116 
0.129 
0.111 
0.116 
0.093 
0.119 
0.123 
0.096 
Na 
0.163 
0.175 
0174 
0128 
0.117 
0.117 
0.131 
0.141 
0.107 
0.133 
0.131 
0.131 
0.1211 
0.129 
0.143 
0.136 
0.138 
0.140 
0.108 
0.136 
0.152 
0.148 
0.157 
0.163 
0.155 
O.l6S 
0.000 
0.119 
0.135 
0.131 
0.113 
0.141 
0.131 
0.129 
0.110 
0.128 
0.141 
0.110 
0.118 
0.143 
0.145 
0.142 
0.154 
0.161 
0.157 
0127 
0.140 
0.128 
0131 
0.170 
0.127 
0000 
0011 
0005 
OO(H 
0001 
0.005 
0.009 
0.003 
0.005 
0006 
0.006 
0.000 
O.!IOS 
0.000 
0003 
0.000 
0.001 
0.001 
0.001 
0.003 
0.008 
0.000 
0.005 
0.005 
0.010 
0.004 
0.000 
0.002 
0002 
0.007 
0.004 
0002 
0.007 
0.000 
0.000 
0.004 
0.005 
0.000 
0.000 
0002 
0(0) 
0.000 
0005 
0.004 
0.000 
0.004 
0.002 
0.007 
0001 
0.006 
0003 
lI.lI.lI.ii 
Point P 
I 0.011 
2 O.OOS 
3 O.OOS 
4 0.009 
S 0.006 
6 0.010 
7 0.010 
8 0.008 
9 0.002 
10 0.007 
II O.OIS 
12 0.002 
I3 0.007 
14 0.011 
15 0.004 
16 0.004 
17 O.OOS 
18 0.005 
19 0.007 
20 0.003 
21 0.011 
22 0.005 
23 0.003 
24 0.004 
2S 0.005 
26 0.002 
27 0.001 
28 0.002 
29 0.004 
30 0.003 
31 0.001 
32 0.005 
33 0.001 
34 0.()()2 
35 0.004 
Sample 2 
0.001 
2 0.000 
3 0.002 
4 0.000 
S 0.004 
6 0.005 
7 0.004 
8 0.002 
9 0.008 
10 0.002 
II 0.001 
12 0.000 
13 0.003 
14 0.001 
15 0.001 
16 0.004 
17 0.005 
18 0.002 
19 0.007 
20 0.006 
21 0.008 
22 0.013 
Si 
0.004 
0.090 
0.001 
0.000 
0.003 
0.001 
0.011 
O.OOS 
0.003 
0.017 
0.003 
0.002 
O.OIS 
0.009 
0.000 
0.005 
0.006 
0.003 
0.004 
0.028 
0.694 
0.141 
0.024 
0.003 
0.012 
0.008 
0.002 
0.001 
0.009 
0.005 
0.000 
0.012 
0.010 
0.012 
0.015 
0.014 
0.009 
0.008 
0.005 
0.007 
0.002 
0.010 
0.012 
0.000 
0.025 
0.009 
0.013 
0.012 
0.012 
0.010 
0.008 
0.000 
0.017 
0.002 
0.004 
0.012 
0.008 
s 
0.182 
0.216 
0.200 
0.207 
0.256 
0.368 
0.337 
0.322 
0.370 
0.114 
0.212 
0.150 
0.197 
0.214 
0.218 
0.190 
0.182 
0.182 
0.240 
0.053 
0.141 
0.206 
0.221 
0.24S 
0.232 
0.154 
0.169 
0.194 
0.300 
O.lIS 
0.\31 
0.168 
0.\78 
0.185 
0.234 
0.303 
0.227 
0.179 
0.168 
0.199 
0.174 
0.217 
0.214 
0.207 
0.035 
0.161 
0.175 
0.141 
0.187 
0.184 
0.195 
0.174 
0.150 
0.\83 
0.197 
0.182 
0.137 
Me 
0.320 
0.241 
0.222 
0.246 
0.422 
0.724 
0.903 
1.086 
1.270 
0.535 
0.378 
0.206 
0.237 
0.207 
0.209 
0.190 
0.189 
0.174 
0.201 
0.057 
0.190 
0.182 
0.191 
0.220 
0.256 
0.185 
0.194 
0.172 
0.277 
0.121 
0.137 
0.142 
0.147 
0.179 
0.219 
0.561 
0.377 
0.255 
0.224 
0.265 
0.252 
0.284 
0.265 
0.320 
0.044 
0.240 
0.248 
0.223 
0.234 
0.242 
0.212 
0.240 
0.221 
0.202 
0.215 
0.243 
0.191 
c. 
38.608 
36.801 
38.557 
38.054 
35.867 
37.353 
37.374 
37.064 
36.~11 
12.952 
37.579 
3~.639 
38.651 
37.722 
37.~27 
36.120 
38.511 
38.493 
38.581 
11.480 
20.580 
37.324 
38.408 
38.391 
38.270 
38.988 
38.374 
38.693 
37.993 
38.796 
38.571 
38.789 
38.365 
38.491 
37.841 
37.594 
38.079 
38.081 
38.704 
38.321 
38.436 
38.385 
38.532 
38.289 
7.272 
38.345 
38.363 
38.674 
38.568 
38.539 
38.791 
39.002 
38.906 
38.930 
38.990 
39.000 
39.340 
0.008 
0.000 
0.010 
0.000 
0.002 
0.011 
0.032 
0.011 
0.020 
0.000 
0.020 
0.000 
0.014 
0.011 
0.001 
0.000 
0.000 
0.002 
0.000 
0.014 
0.009 
0.000 
0.000 
0.033 
0.000 
0.012 
0.003 
0.000 
0.017 
0.000 
0.018 
0.016 
0.000 
0.000 
0.000 
0.000 
0.029 
0.038 
0.000 
0.000 
0.014 
0.000 
0.001 
0.000 
0.015 
0.000 
0.009 
0.000 
0.003 
0.010 
0.010 
0.020 
0.001 
0.015 
0.000 
0.012 
0.034 
0.012 
0.\07 
0.017 
0.031 
0.028 
0.040 
0.030 
0.009 
0.012 
0.000 
0.010 
0.010 
0.002 
0.019 
0.048 
0.016 
0.005 
0.010 
0.000 
0.013 
0.058 
0.001 
0.000 
0.003 
0.000 
0.000 
O.oJ8 
0.000 
0.015 
0.000 
0.000 
0.013 
0.001 
0.000 
0.002 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.029 
0.005 
0.005 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.005 
0.000 
0.010 
0.002 
0.005 
0.007 
0.000 
Sr 
0.100 
0.097 
0.103 
0.072 
0.104 
0.122 
0.139 
0.167 
0.171 
0.072 
0.067 
0.085 
0.097 
0.088 
0.085 
0.077 
0.100 
0.112 
0.100 
0.036 
0.043 
0.071 
0.123 
0.109 
0.129 
0.110 
0.122 
0.118 
0.106 
0.103 
0.115 
0.093 
0.100 
0.090 
0.130 
0.\69 
0.158 
0.138 
0.117 
0.131 
0.137 
0.135 
0.131 
0.127 
0.000 
0.119 
0.110 
0.144 
0.126 
0.110 
0.126 
0.103 
0.128 
0.104 
0.111 
0.108 
0.123 
N. 
0115 
0.123 
0.117 
0.118 
0155 
0.189 
0.183 
0.207 
0.217 
0.063 
0.122 
OIlS 
0.118 
0.115 
0.128 
0.142 
0.134 
0.125 
0.145 
0.034 
0.092 
0.127 
0.128 
0.146 
0.149 
0.137 
0.149 
0.140 
0.163 
0.119 
0.124 
0.115 
0.126 
0.137 
0.137 
0.176 
0.161 
0.152 
0.151 
0.161 
0.156 
0.154 
0.161 
0.148 
0.022 
0.153 
0.211 
0.146 
0.152 
0.154 
0.1311 
0.146 
0.132 
0.164 
0.159 
0.145 
0.124 
K 
ooo~ 
0.001 
0.001 
0004 
0010 
O.OO~ 
0.008 
0.004 
0.007 
0.004 
0.009 
0004 
0.000 
0.002 
0.002 
0.001 
0.003 
0.003 
0.005 
0.000 
0.002 
0.001 
0.005 
0.001 
0000 
0.001 
0.004 
0.000 
0.000 
0.001 
0000 
0.000 
0.000 
0.000 
0.005 
0.006 
0.008 
0000 
0.003 
0.001 
0.006 
0.000 
0.003 
0.008 
0.006 
0.000 
0.008 
0005 
0.001 
0.000 
0.006 
0.002 
0.002 
0.004 
0.001 
0.0011 
0.000 
xxxiii 
Point 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2 
3 
4 
5 
6 
7 
8 
9 
P 
0.003 
0.000 
0.000 
0.001 
0.004 
0.008 
0.006 
0.001 
0.000 
0.002 
0.003 
0.002 
0.001 
0.003 
0.005 
0.010 
0.003 
0.004 
0.004 
0.003 
0.007 
0.004 
0.006 
0.014 
0.002 
0.001 
0.007 
0.008 
0.003 
0.002 
0.004 
0.000 
0.004 
0.000 
0.001 
0.003 
0.003 
0.008 
0.003 
0.003 
0.001 
0.006 
0.008 
0.004 
0.003 
0.009 
0.007 
0.005 
0.001 
0.005 
0.004 
0.005 
0.004 
0.001 
0.002 
0.003 
Si 
0.009 
0.014 
0.020 
0.010 
0.014 
0.007 
0.013 
0.007 
0.009 
0.008 
0.003 
0.004 
0.005 
0.000 
0.009 
0.012 
0.006 
0.014 
0.004 
0.008 
0.013 
0.015 
0.009 
0.011 
0.015 
0.013 
0.009 
0.005 
0.009 
0.010 
0.010 
0.013 
0.000 
0.011 
0.011 
0.010 
0.004 
0.011 
0.004 
0.011 
0.008 
0.007 
0.005 
0.014 
0.021 
0.009 
0.004 
0.013 
0.004 
0.009 
0.012 
0.009 
O.OOS 
0.013 
0.009 
0.001 
s 
0.369 
0.359 
0.261 
0.223 
0.173 
0.212 
0.178 
0.156 
0.186 
0.153 
0.182 
0.165 
0.190 
0.139 
0.141 
0.192 
0.154 
0.151 
0.142 
0.170 
0.144 
0.157 
0.157 
0.158 
0.322 
0.338 
0.217 
0.185 
0.150 
0.243 
0.186 
0.190 
0.183 
0.147 
0.180 
0.149 
0.156 
0.153 
0.102 
0.122 
0.141 
0.152 
0.153 
0.124 
O.IOS 
0.135 
0.124 
0.345 
0.329 
0.293 
0.244 
0.254 
0.2\0 
0.206 
0.195 
0.170 
Me 
0.830 
0.870 
0.400 
0.321 
0.318 
0.323 
0.275 
0.268 
0.249 
0.292 
0.265 
0.265 
0.262 
0.208 
0.210 
0.205 
0.191 
0.208 
0.242 
0.210 
0.208 
0.221 
0.259 
0.422 
0.751 
0.539 
0.2SI 
0.253 
0.280 
0.358 
0.298 
0.327 
0.291 
0.266 
0.308 
0.289 
0.260 
0.349 
0.180 
0.148 
0.129 
0.134 
0.152 
0.164 
0.144 
0.168 
0.193 
1.116 
0.871 
0.657 
0.433 
0.318 
0.319 
0.287 
0.260 
0.249 
Ca 
37.984 
37.961 
38.694 
38.736 
39.017 
38.783 
38.843 
38.761 
38.965 
38.875 
38.648 
39.031 
38.993 
38.906 
38.968 
39.006 
39.141 
38.664 
39.218 
39.095 
39.008 
39.086 
38.833 
37.414 
38.236 
38.710 
38.640 
38.797 
3S.743 
38.507 
38.635 
38.879 
3S.616 
38.928 
38.631 
38.801 
38.711 
38.772 
39.221 
39.053 
39.306 
39.013 
39.203 
39.084 
39.058 
39.311 
39.249 
37.526 
38.361 
38.292 
38.282 
38.406 
38.567 
38.374 
38.591 
38.595 
0.011 
0.002 
0.000 
0.008 
0.008 
0.000 
0.039 
0.017 
0.032 
0.000 
0.034 
0.000 
0.023 
O.oJ8 
0.006 
0.044 
0.000 
0.011 
0.000 
0.020 
0.000 
0.000 
0.017 
0.000 
0.031 
0.034 
0.011 
0.000 
0.000 
0.000 
0.000 
0.000 
0.006 
0.008 
0.000 
0.011 
0.015 
0.000 
0.006 
0.002 
0.033 
0.014 
0.000 
0.025 
0.056 
0.000 
0.015 
0.011 
0.009 
0.005 
0.000 
0.003 
0.012 
0.040 
0.048 
0.000 
0.000 
0.000 
0.001 
0.005 
0.003 
0.000 
0.013 
0.000 
0.003 
0.000 
0.007 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.072 
0.000 
0.006 
0.012 
0.000 
0.002 
0.003 
0.000 
0.0\2 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.011 
0.000 
0.006 
0.000 
0.006 
0.017 
0.023 
0.000 
0.000 
0.003 
0.000 
0.000 
0.013 
0.022 
0.004 
0.002 
0.014 
0.005 
0.000 
0.000 
0.018 
Sr 
0.170 
0.190 
0.139 
0.153 
0.137 
0.122 
0.129 
0.134 
0.122 
0.139 
0.134 
0.142 
0.134 
0.128 
0.121 
0.110 
0.106 
0.119 
0.132 
0.131 
0.104 
0.115 
0.075 
0.094 
0.145 
0.154 
0.138 
0.138 
0.160 
0.163 
0.137 
0.157 
0.151 
0.134 
0.146 
0.128 
0.129 
0.101 
0.111 
0.088 
0.093 
0.124 
0.087 
0.123 
0.113 
0.113 
0.112 
0.174 
0.180 
0.172 
0.152 
0.152 
0.164 
0.118 
0.107 
0.113 
Na 
0.190 
0.187 
0.168 
0.164 
0.154 
0.148 
0153 
0.155 
0.150 
0.177 
0.155 
0.150 
0.146 
0.138 
0.122 
0.115 
0.138 
0.139 
0.146 
0.136 
0.133 
0.146 
0.125 
0.133 
0.162 
0.161 
0.161 
0.147 
0.159 
0.172 
0.166 
0.157 
0.\64 
0.140 
0.165 
0.158 
0.152 
0.151 
0.126 
0.130 
0.118 
0.128 
0.112 
0.134 
0.124 
0.116 
0.133 
0.187 
0.180 
0.178 
0.172 
0.169 
0.161 
0.155 
0.143 
0.141 
K 
0004 
0.007 
0.002 
0.002 
0.000 
0.004 
O.OO~ 
0.006 
0.002 
0.008 
0.001 
0.001 
0.002 
0.000 
0.001 
0.007 
0.000 
0.001 
0.000 
0.005 
0.000 
0005 
0000 
0000 
0.009 
0.010 
0006 
0.001 
0.003 
0.003 
0.006 
0.007 
0006 
0.000 
0000 
0000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.005 
0.001 
0.010 
0000 
0.001 
0001 
0.012 
0.009 
0.005 
0.009 
0.002 
0.000 
0.004 
0.001 
0.003 
IVlxiv 
Point 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
Sample 3 
2 
3 
4 
5 
6 
7 
8 
9 
to 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
IS 
P 
0.006 
0.003 
0.000 
0.003 
0.002 
0.002 
0.005 
0.005 
0.007 
0.004 
0.004 
0.002 
0.007 
0.001 
0.007 
0.003 
0.000 
0.073 
0.070 
0.076 
0.081 
0.080 
0.076 
0.074 
0.074 
0.075 
0.082 
0.080 
0.081 
0.077 
0.084 
0.076 
0.081 
0.082 
0.078 
0.082 
0.081 
0.083 
0.090 
0.088 
0.073 
0.075 
0.080 
0.081 
0.075 
0.075 
0.080 
0.065 
0.076 
0.084 
0.077 
0.078 
0.079 
0.073 
0.077 
Si 
0.001 
0.006 
0.010 
0.000 
0.004 
0.005 
0.012 
0.002 
0.002 
0.011 
0.010 
0.009 
0.017 
0.191 
0.013 
0.010 
0.008 
0.005 
0.013 
0.002 
0.002 
0.000 
0.001 
0.000 
0.001 
0.006 
0.003 
0.005 
0.000 
0.001 
0.002 
0.014 
0.005 
0.002 
0.003 
0.002 
0.000 
0.000 
0.014 
0.013 
0.014 
0.010 
0.000 
0.000 
0.001 
0.013 
0.008 
0.011 
0.003 
0.005 
0.009 
0.005 
0.003 
0.005 
0.010 
s 
0.131 
0.197 
0.177 
0.187 
0.180 
0.156 
0.180 
0.183 
0.224 
0.190 
0.137 
0.\36 
0.144 
0.078 
0.139 
0.153 
0.155 
0.352 
0.377 
0.325 
0.233 
0.224 
0.193 
0.206 
0.197 
0.248 
0.225 
0.247 
0.232 
0.233 
0.176 
0.168 
0.162 
0.148 
0.133 
0.165 
0.202 
0.182 
0.177 
0.187 
0.308 
0.316 
0.287 
0.219 
0.213 
0.190 
0.192 
0.141 
0.233 
0.213 
0.202 
0.208 
0.203 
0.167 
0.169 
Me 
0.238 
0.239 
0209 
0.249 
0.211 
0.185 
0.205 
0.220 
0213 
0.181 
0.190 
0.166 
0.206 
0.086 
0.174 
0.246 
0.192 
0.763 
1.023 
0.726 
0.316 
0.251 
0.245 
0.234 
0.237 
0.297 
0.226 
0.239 
0.257 
0.258 
0.249 
0.185 
0.144 
0.167 
0.155 
0.174 
0.183 
0.215 
0.213 
0.425 
0.618 
0.700 
0.455 
0.262 
0.234 
0.205 
0.255 
0.217 
0.259 
0.208 
0.242 
0.229 
0.182 
0.184 
0.171 
Ca 
38.751 
38.851 
38.589 
37.565 
38.876 
38.898 
38.735 
38.889 
38.831 
38.924 
38.744 
38.1137 
36.534 
17.829 
37.982 
38.370 
38.641 
37.575 
37.234 
37.757 
38.099 
38.455 
38.130 
38.613 
38.139 
38.155 
38.441 
38.264 
38.307 
38.318 
38.636 
38.485 
38.372 
38.665 
38.473 
38.762 
38.388 
38.175 
38.545 
38.151 
37.610 
37.483 
37.413 
37.974 
38.009 
38.141 
38.333 
30.450 
37.966 
38.093 
38.262 
38.129 
38.294 
38.262 
38.431 
0.022 
0.027 
0.003 
0.002 
0.004 
0.000 
0.000 
0.025 
0.006 
0.000 
0.000 
0.006 
0.009 
0.000 
0.006 
0.002 
0.002 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
Fe 
0.000 
0.000 
0.002 
0.012 
0.000 
0.000 
0.000 
0.000 
0.000 
0.006 
0.023 
0.001 
0.007 
0.000 
0.000 
0.009 
0.018 
0.000 
0.000 
0.002 
0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.014 
0.004 
0.000 
0.000 
0.016 
0.000 
0.000 
0.000 
0.010 
0.000 
0.003 
0.000 
0.000 
0.012 
0.000 
0.000 
0.014 
0.010 
0.014 
0.000 
0.000 
0.000 
0.000 
0.008 
0.007 
0.000 
Sr 
0.115 
0.125 
0.120 
0.110 
0.\32 
0.099 
0.113 
0.102 
0.117 
0.121 
0.1\0 
0.077 
0.115 
0.060 
0.110 
0.122 
0.124 
0.161 
0.193 
0.172 
0.142 
0.114 
0.126 
0.091 
0.123 
0.137 
0.104 
0.120 
0.104 
0.135 
0.091 
0.119 
0.126 
0.115 
0.115 
0.102 
0.113 
0.096 
0.115 
0.094 
0.151 
0.163 
0.145 
0.120 
0.\35 
0.109 
0.104 
0.094 
0.141 
0.103 
0.130 
0.087 
0.\32 
0.123 
0.127 
Na 
0.129 
0.150 
0.148 
0.158 
0.138 
0.136 
O.ISJ 
0.137 
0.155 
0.148 
0.136 
0.134 
0.150 
0.069 
0.138 
0.\34 
0.123 
0.164 
0.182 
0.176 
0.159 
0.149 
0.133 
0.134 
0.139 
0.146 
0.128 
0.127 
0.147 
0.157 
0.143 
0.140 
0.131 
0.128 
0.137 
0.132 
0.124 
0.137 
0.125 
0.133 
0.149 
0.166 
0.166 
0.153 
0.145 
0.129 
0.137 
0.113 
0.135 
0.138 
0.146 
0.149 
0.150 
0.152 
0.144 
K 
0000 
0.001 
0.000 
0.005 
0.005 
0000 
0.003 
0.000 
0.000 
0.003 
0.000 
0.002 
0.002 
0.000 
0000 
0.004 
0.003 
0.007 
0.005 
0.003 
0.006 
0.001 
0.000 
0.000 
0.007 
0.006 
0.006 
0.000 
0.003 
0.003 
0.012 
0000 
0.000 
0.000 
0.000 
0.001 
0.001 
0.001 
0.002 
0.006 
0.010 
0.011 
0.000 
0.001 
0.004 
0.000 
0.002 
0.008 
0.002 
0.004 
0.000 
0.006 
0.001 
0.001 
0.007 
xxxv 
Point 
16 
17 
18 
19 
20 
21 
22 
23 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
P 
0.076 
0.076 
0.081 
0.080 
0.080 
0.075 
0.087 
0.087 
0.070 
0.075 
0.080 
0.072 
0.074 
0.080 
0.077 
0.077 
0.075 
0.073 
0.054 
0.076 
0.076 
0.080 
0.077 
0.077 
0.079 
0.078 
0.083 
0.079 
0.080 
0.085 
0.074 
0.077 
0.074 
0.079 
0.075 
0.081 
0.080 
0.073 
0.075 
0.075 
0.080 
0.074 
0.083 
0.076 
0.080 
0.082 
0.080 
0.079 
0.092 
0.079 
0.077 
0.076 
Si 
0.003 
0.015 
0.000 
0.006 
0.001 
0.014 
0.004 
0.005 
0.016 
0.000 
0.004 
0.001 
0.005 
0.011 
0.011 
0.005 
0.009 
0.003 
0.003 
0.008 
0.002 
0.004 
0.006 
0.002 
0.007 
0.003 
0.009 
0.007 
0.011 
0.003 
0.005 
0.000 
0.010 
0.002 
0.002 
0.003 
0.002 
0.007 
0.005 
0.004 
0.006 
0.003 
0.007 
0.003 
0.011 
0.000 
0.003 
0.002 
0.008 
0.005 
0.002 
0.000 
s 
0.165 
0.172 
0.162 
0.185 
0.191 
0.157 
0.165 
0.182 
0.317 
0.214 
0.247 
0.172 
0.223 
0.224 
0.230 
0.219 
0.237 
0.211 
0.128 
0.178 
0.164 
0.161 
0.149 
0.140 
0.175 
0.185 
0.163 
0.141 
0.171 
0.171 
0.303 
0.266 
0.221 
0.195 
0.204 
0.196 
0.242 
0.199 
0.228 
0.211 
0.208 
0.202 
0.175 
0.172 
0.161 
0.124 
0.153 
0.174 
0.234 
0.159 
0.137 
0.160 
M, 
0.192 
0.190 
0.171 
0.191 
0.208 
0.201 
0.236 
0.475 
0.490 
0.304 
0.271 
0.241 
0.270 
0.279 
0.307 
0.347 
0.381 
0.378 
0.264 
0.237 
0.234 
0.206 
0.227 
0.207 
0.182 
0.208 
0.215 
0.191 
0.202 
0.402 
0.493 
0.330 
0.263 
0.236 
0.234 
0.253 
0.282 
0.311 
0.292 
0.256 
0.301 
0.299 
0.279 
0.192 
0.172 
0.156 
0.181 
O.ISO 
0.313 
0.172 
0.137 
0.195 
Ca 
38.510 
38.272 
38.311 
38.519 
38.541 
38.256 
38.732 
38.049 
37.511 
38.335 
38.212 
37.986 
37.911 
37.732 
38.040 
37.758 
37.743 
37.656 
27.087 
37.933 
37.918 
38.269 
38.039 
38.124 
38.361 
37.987 
38.249 
38.536 
38.172 
37.483 
37.949 
38.205 
38.098 
38.194 
37.969 
38.315 
38.064 
37.851 
38.045 
38.354 
38.212 
37.973 
38.564 
38.642 
38.469 
38.367 
38.322 
38.185 
38.151 
38.506 
38.771 
38.461 
Ma 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
0.003 
0.000 
0.021 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0000 
0.007 
0.010 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.006 
0.000 
0.000 
0.017 
0.000 
0.000 
0.018 
0.011 
0.001 
0.012 
0.013 
0.000 
0.003 
0000 
0.015 
0.014 
0.000 
0.000 
0.013 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.004 
0.012 
0.000 
0.000 
0.004 
0.012 
0.000 
0.000 
Sr 
0.107 
0.125 
0.109 
0.121 
0.106 
0.097 
0.115 
0.097 
0.166 
0.142 
0.113 
0.138 
0.122 
0.137 
0.124 
0.124 
0.118 
0.143 
0.101 
0.115 
0.101 
0.1211 
0.126 
0.092 
0.109 
0.116 
0.093 
0.134 
0.115 
0.109 
0.154 
0.150 
0.\36 
0.134 
0.099 
0.112 
0.159 
0.120 
0.130 
0.147 
O.ln 
0.131 
0.116 
0.106 
0.099 
0.111 
O.ln 
0.106 
0.102 
0.101 
0.106 
0.096 
Na 
0144 
O.I3S 
0.131 
0139 
0.143 
0.\38 
0.\33 
0.144 
0.156 
0.156 
O.ISS 
0.IS0 
0.161 
0.162 
0.156 
0.152 
0.156 
0.165 
0.119 
0.142 
0.151 
0.131 
0.141 
0.132 
0.127 
0.136 
0.137 
0122 
0.129 
0.13S 
0.IS0 
0.IS0 
0.1411 
0.157 
0.152 
0.148 
0.158 
0.138 
0.148 
0.146 
0.146 
0.147 
0.141 
0.126 
0.122 
0.120 
0.129 
0.134 
0.140 
0.123 
0.125 
0.133 
0006 
0.000 
0.002 
0004 
0.010 
0.000 
0.001 
0.001 
0000 
0.003 
0.006 
0.000 
0.004 
0.004 
0.001 
0003 
0.000 
0.003 
0.004 
0.007 
0.002 
0.000 
0.002 
0.000 
0000 
0.001 
0.000 
0.004 
0.000 
0.000 
0.009 
0005 
0.000 
0.006 
0.005 
0001 
0.005 
0.001 
0.006 
0.000 
0.000 
0000 
0.002 
0.003 
0000 
0.007 
0.000 
0.008 
0.003 
0.000 
0002 
0003 
uxvi 
Point P 
NOVOCTanm anomabJ 
Sample I 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
\I 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
2 
3 
4 
5 
6 
7 
8 
9 
10 
\I 
12 
13 
14 
15 
16 
17 
18 
0.042 
0.068 
0.032 
0.020 
0.011 
0.012 
0.016 
0.020 
0.018 
0.024 
0.015 
0.021 
0.017 
0.013 
0.021 
0.019 
0.014 
0.006 
0.010 
0.011 
0.010 
0.011 
0.0\1 
0.008 
0.002 
0.011 
0.008 
0.016 
0.016 
0.017 
0.010 
0.017 
0.014 
0.010 
0.020 
0.010 
0.030 
0.043 
0.068 
0.040 
0.024 
0.018 
0.014 
0.014 
0.015 
0.017 
0.013 
0.013 
0.017 
0.019 
0.022 
0.019 
0.024 
0.008 
0.011 
0.008 
Si 
0.027 
0.012 
0.000 
0.009 
0.011 
0.005 
0.011 
0.001 
0.011 
0.015 
0.006 
0.024 
0.024 
0.004 
0.010 
0.017 
0.014 
0.012 
0.002 
0.009 
0.009 
0.008 
0.012 
0.008 
O.otl 
0.008 
0.008 
0.056 
0.039 
0.013 
0.001 
0.003 
0.000 
0.008 
0.012 
0.000 
0.007 
0.085 
0.035 
0.010 
0.007 
0.000 
0.000 
0.004 
0.001 
0.005 
0.001 
0.000 
0.007 
0.002 
0.008 
0.009 
0.001 
0.007 
0.023 
0.000 
s 
0.286 
0.281 
0.310 
0.300 
0.256 
0.272 
0.288 
0.305 
0.303 
0.334 
0.349 
0.364 
0.364 
0.337 
0.387 
0.352 
0.351 
0.363 
0.356 
0.336 
0.355 
0.356 
0.419 
0.387 
0.379 
0.378 
0.349 
0.305 
0.442 
0.324 
0.340 
0.302 
0.276 
0.309 
0.330 
0.332 
0.281 
0.271 
0.308 
0.330 
0.274 
0.288 
0.279 
0.271 
0.260 
0.272 
0.283 
0.267 
0.309 
0.279 
0.312 
0.368 
0.367 
0.371 
0.374 
0.411 
Me 
2.099 
2.768 
2.600 
2.373 
\.905 
2.433 
2.464 
2.509 
2.484 
2.467 
2.313 
2.458 
2.247 
2.485 
2.360 
2.228 
2.350 
2.500 
2.464 
2.396 
2.293 
2.479 
2.490 
2.432 
2.505 
2.546 
2.268 
2.264 
2.245 
2.443 
2.SS4 
2.168 
2.612 
2.552 
2.655 
2.587 
2.461 
2.223 
\.884 
2.323 
2.621 
2.609 
2.536 
2.374 
2.232 
2.452 
2.472 
2.348 
2.340 
2.504 
2.377 
2.501 
2.466 
2.376 
2.102 
2.565 
c. 
32.305 
34.630 
35.618 
34.703 
31.962 
35.278 
35.363 
35.612 
35.109 
34.863 
36.090 
35.143 
35.174 
35.636 
36.212 
34.478 
36.068 
35.851 
36.000 
33.435 
36.207 
35.891 
36.310 
36.095 
36.076 
35.827 
36.269 
33.665 
33.923 
35.910 
35.677 
34.298 
34.655 
35.622 
35.431 
35.697 
35.425 
32.608 
30.017 
36.177 
35.422 
34.663 
35.214 
34.995 
33.739 
34.966 
34.835 
35.156 
35.200 
34.752 
35.268 
35.936 
36.053 
35.798 
33.998 
35.709 
M. 
0.042 
0.021 
0.011 
0.030 
0.018 
0.029 
0.004 
0.026 
0.000 
0.000 
0.038 
0.000 
0.031 
0.012 
0.031 
0.016 
0.024 
0.019 
0.087 
0.042 
0.030 
0.038 
0.073 
0.000 
0.054 
0.064 
0.040 
0.023 
0.009 
0.052 
0.050 
0.008 
0.024 
0.005 
0.024 
0.029 
0.007 
0.031 
0.019 
0.000 
0.000 
0.007 
0.018 
0.000 
0.000 
0.030 
0.030 
0.000 
0.041 
0.000 
0.016 
0.031 
0.053 
0.011 
0.033 
0.003 
0.013 
0.013 
0.009 
0.031 
0.004 
0.000 
0.000 
0.032 
0.033 
0.012 
0.014 
0.000 
0.000 
0.016 
0.013 
0.008 
0.025 
0.000 
0.010 
0.008 
0.000 
0.001 
0.016 
0.019 
0.000 
0.002 
0.000 
0.006 
0.021 
0.013 
0.017 
0.029 
0.000 
0.003 
0.000 
0.016 
0.000 
0.020 
O.ot8 
0.018 
0.013 
0.032 
0.013 
0.007 
0.000 
0.023 
0.016 
0.023 
0.013 
0.013 
0.006 
0.014 
0.026 
0.000 
0.000 
0.000 
Sr 
0.226 
0.216 
0.219 
0.195 
0.186 
0.220 
0.201 
0.189 
0.231 
0.237 
0.199 
0.233 
0.226 
0.239 
0.184 
0.242 
0.218 
0.199 
0.198 
0.259 
0.208 
0.209 
0.207 
0.196 
0.197 
0.217 
0.203 
0.208 
0.220 
0.200 
0.195 
0.184 
0.243 
0.231 
0.249 
0.196 
0.214 
0.194 
0.193 
0.208 
0.201 
0.201 
0.226 
0.183 
0.201 
0.188 
0.204 
0.189 
0.194 
0.214 
0.207 
0.211 
0.190 
0.233 
0.205 
0.219 
N. 
0.203 
0.262 
0.241 
0.231 
0.223 
0.284 
0.266 
0.236 
0.239 
0.238 
0.191 
0.221 
0.206 
0.212 
0.191 
0.177 
0.156 
0.182 
0.174 
0.206 
0.206 
0.193 
0.181 
0.154 
0.173 
0.182 
0.184 
0.166 
0.152 
0.179 
0172 
0.164 
0.149 
0.182 
0.190 
0.162 
0.122 
0.091 
0.211 
0.192 
0.253 
0.278 
0.238 
0.273 
0.274 
0.266 
0.281 
0.251 
0.268 
0.273 
0.219 
0.177 
0.172 
0.167 
0.142 
0.157 
0.009 
0.014 
0.008 
0.010 
0.007 
0.012 
0.013 
0.007 
0011 
0.004 
00l~ 
0.008 
0.008 
0.006 
0.006 
0.009 
0.008 
0.010 
0.005 
0.011 
0.011 
0.011 
0011 
0.014 
0.006 
0.008 
0.005 
0.013 
0.006 
0.007 
0.008 
0008 
0.004 
0.004 
0011 
0.008 
0.008 
0.010 
0.014 
0.014 
0.009 
0.008 
0.010 
0.016 
0.009 
0.009 
0.010 
0.015 
0.009 
0.005 
0.014 
0014 
0.006 
0.003 
0.002 
0.007 
xxxvii 
Point 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
\I 
12 
I3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
Sample 2 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
I3 
14 
15 
16 
17 
IS 
19 
20 
21 
22 
23 
1 
2 
3 
4 
P 
0.046 
0.017 
0.014 
0.021 
0.025 
0.013 
0.017 
0.014 
0.014 
O.oI8 
0.011 
0.016 
0.013 
0.011 
0.010 
0.019 
0.0\1 
0.014 
0.014 
0.011 
0.020 
0.011 
0.017 
0.021 
0.017 
0.013 
0.017 
0.018 
0.025 
0.020 
0.016 
0.017 
0.014 
0.011 
0.015 
0.010 
0.009 
0.014 
0.010 
0.011 
0.021 
0.017 
0.014 
0.014 
0.01l 
0.006 
0.006 
0.009 
0.007 
0.008 
0.014 
0.112 
0.090 
0.085 
0.087 
Si 
0.011 
0.006 
0.002 
0.009 
0.011 
0.001 
0.008 
0.007 
0.002 
0.003 
0.005 
0.001 
0.006 
0.009 
0.006 
0.000 
0.000 
0.005 
0.005 
0.006 
0.006 
0.005 
0.003 
0.013 
0.002 
0.007 
0.006 
0.007 
0.037 
0.004 
0.006 
0.012 
0.004 
0.001 
0.011 
0.003 
0.009 
0.014 
0.008 
0.008 
0.005 
0.008 
0.005 
0.004 
0.004 
0.009 
0.000 
0.007 
0.006 
0.001 
0.102 
0.013 
0.005 
0.004 
0.008 
S 
0.238 
0.234 
0.226 
0.275 
0.290 
0.271 
0.309 
0.288 
0.285 
0.312 
0.295 
0.255 
0.230 
0.218 
0.251 
0.246 
0.264 
0.270 
0.273 
0.263 
0.258 
0.304 
0.322 
0.275 
0.296 
0.326 
0.379 
0.390 
0.342 
0.234 
0.327 
0.305 
0.288 
0.286 
0.310 
0.261 
0.284 
0.287 
0.252 
0.244 
0.307 
0.293 
0.329 
0.342 
0.317 
0.369 
0.382 
0.389 
0.391 
0.333 
0.319 
0.279 
0.261 
0.264 
0.196 
Me 
2.697 
2.428 
2.307 
2.390 
2.676 
2.431 
2.441 
2.191 
2.274 
2.454 
2.308 
2.194 
2.265 
2.311 
2.367 
2.450 
2.461 
2.416 
2.402 
2.249 
2.357 
2.470 
2.134 
2.341 
2.379 
2.404 
2.281 
2.313 
2.243 
2.817 
2.426 
2.361 
2.289 
2.406 
2.497 
2.480 
2.S71 
2.316 
2.241 
2.631 
2.525 
2.570 
2.544 
2.425 
2.568 
2.423 
2.502 
2.375 
2.376 
2.571 
2.256 
2.190 
2.323 
2.292 
2.305 
Ca 
33.259 
32.535 
31.869 
31.613 
34.399 
33.989 
35.375 
33.997 
33.535 
35.444 
33.675 
33.S37 
34.853 
34.094 
32.941 
34.037 
32.363 
32.291 
35.369 
34.545 
33.872 
34.339 
35.S45 
34.041 
34.009 
35.689 
35.337 
36.013 
33.803 
34.918 
35.929 
34.423 
32.975 
35.041 
35.050 
34.800 
34.952 
35.575 
32.204 
34.499 
35.154 
35.086 
35.304 
34.558 
35.731 
35.278 
35.911 
36.181 
36.101 
35.253 
34.367 
35.650 
37.332 
37.321 
35.563 
M. 
0.047 
0.019 
0.000 
0.000 
0.00 1 
0.001 
0.000 
0.024 
0.010 
0.008 
O.OOS 
0.000 
0.005 
0.000 
0.009 
0.026 
0.013 
0.000 
0.022 
0.007 
0.000 
0.000 
0.002 
0.030 
0.000 
0.013 
0.011 
0.003 
0.000 
0.026 
0.004 
0.000 
0.013 
0.000 
0.000 
0.000 
0.020 
0.007 
0.000 
0.033 
0.020 
0.017 
0.022 
0.016 
0.063 
0.013 
0.009 
0.030 
0.041 
0.000 
0.031 
N/A 
N/A 
N/A 
N/A 
0.006 
0.000 
0.012 
0.000 
0.027 
O.oI5 
0.021 
0.028 
0.005 
0.025 
0.011 
0.012 
0.006 
0.015 
0.005 
0.013 
0.022 
O.OOS 
0.02S 
0.027 
0.016 
0.006 
O.OIS 
0.015 
0.009 
0.000 
0.012 
0.013 
0.000 
0.020 
0.0\3 
O.otS 
0.014 
O.oIS 
0.017 
0.000 
0.000 
0.0211 
0.021 
0.029 
0.017 
0.017 
0.039 
0.000 
0.000 
0.000 
0.009 
0.005 
0.005 
0.000 
0.011 
0.000 
0.000 
0.000 
0.029 
Sr 
0.233 
0.216 
0.196 
0.242 
0.199 
0.21S 
0.177 
0.206 
0.220 
0.199 
0.194 
0.21S 
0.205 
0.220 
0.220 
0.193 
0.IS5 
0.216 
0.180 
0.193 
0.179 
0.233 
0.191 
0.229 
0.211 
0.203 
0.196 
0.209 
0.232 
0.242 
0.1113 
0.173 
0.185 
0.195 
0.215 
0.240 
0.223 
0.199 
0.220 
0.204 
0.230 
0.208 
0.201 
0.227 
0.218 
0.223 
0.211 
0.210 
0.214 
0.225 
0.205 
0.221 
0.269 
0.243 
0.229 
Na 
0.275 
0.262 
0.230 
0.216 
0.270 
0.232 
0.237 
0.239 
0.246 
0.259 
0.193 
0.255 
0.274 
0.265 
0.263 
0.B7 
0.252 
0.239 
0.238 
0.155 
0.246 
0.222 
0.223 
0.247 
0.236 
0.212 
0168 
0195 
0.201 
0.247 
0.204 
0.225 
0.233 
0.230 
0.263 
0.250 
0.27. 
0.230 
0.243 
0.274 
0.225 
0.243 
0.250 
0.171 
0.191 
0.174 
0.114 
0.1511 
0.1117 
0.165 
0.134 
0.195 
0.175 
0.203 
0.2115 
0.016 
0.010 
0.006 
0.012 
0.008 
0.006 
0.018 
0.013 
0.012 
0.008 
0.011 
0.014 
0.013 
0.009 
0.006 
0.001 
0.005 
0.011 
0.011 
0.006 
0.001 
0.004 
0.012 
0.0()9 
0.007 
0.010 
0008 
0.006 
0.012 
0.009 
0013 
0.010 
0.013 
0.004 
0.009 
0.007 
0.009 
0.007 
0.007 
O.OOS 
0.005 
0.005 
0.011 
0.006 
0.007 
0.003 
0.006 
0.013 
0.007 
0.006 
0.004 
N/A 
N/A 
N/A 
N/A 
J(xxviii 
Point 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
Sample 3 
p 
0.092 
0.090 
0.087 
0.095 
0.089 
0.091 
0.088 
0.084 
0.082 
0.087 
0.076 
0.090 
0.096 
0.085 
2 0.092 
3 0.090 
4 0.086 
5 0.092 
6 0.099 
7 0.102 
8 0.083 
9 0.086 
10 0.094 
II 0.087 
12 0.087 
13 0.078 
14 0.080 
IS 0.084 
16 0.087 
17 0.087 
18 0.082 
19 0.083 
20 0.094 
Mytibls ~tbtlJs 
Samplel 
I 0.006 
2 0.005 
3 0.011 
4 0.005 
5 0.005 
6 0.005 
7 0.003 
8 0.007 
9 0.000 
10 0.008 
II 0.005 
12 0.002 
13 0.003 
14 0.006 
IS 0.002 
16 0.003 
17 0.007 
18 0.004 
19 0.005 
20 0.000 
21 0.001 
22 0.008 
Si 
O.oJ5 
0.007 
0.009 
0.014 
0.000 
0.009 
0.000 
0.009 
0.005 
0.008 
0.127 
0.010 
0.012 
0.011 
0.008 
0.014 
0.004 
0.014 
0.020 
0.004 
0.001 
0.010 
0.013 
0.015 
0.011 
0.003 
0.004 
0.008 
0.002 
0.007 
0.011 
0.009 
0.012 
0.009 
0.010 
0.001 
0.000 
0.005 
0.010 
0.006 
0.002 
0.010 
0.011 
0.006 
0.002 
0.000 
0.013 
0.010 
0.004 
0.013 
0.002 
0.009 
0.006 
0.005 
0.007 
s 
0.197 
0.222 
0.242 
0.211 
0.257 
0.213 
0.265 
0.222 
0.271 
0.247 
0.291 
0.282 
0.228 
0.219 
0.230 
0.233 
0.207 
0.213 
0.221 
0.230 
0.233 
0.255 
0.237 
0.219 
0.257 
0.261 
0.271 
0.283 
0.292 
0.283 
0.255 
0.222 
0.293 
0.057 
0.063 
0.057 
0.063 
0.043 
0.040 
0.038 
0.029 
0.055 
0.030 
0.027 
0.035 
0.040 
0.049 
0.028 
0.016 
0.018 
0.033 
0.013 
0.022 
0.036 
0.039 
Mg 
2.442 
2.557 
2.375 
2.379 
2.373 
2.445 
2.405 
2.534 
2.271 
2.213 
2.317 
2.446 
2.325 
2.202 
2.453 
2.538 
2.684 
2.360 
2.386 
2.379 
2.480 
2.314 
2.296 
2.559 
2.235 
2.264 
2.303 
2.480 
2.537 
2.421 
2.325 
2.311 
2.281 
0.094 
0.098 
0.060 
0.059 
0.071 
0.072 
0.104 
0.110 
0.139 
0.139 
0.134 
0.089 
0.127 
0.098 
0.136 
0.151 
0.143 
0.115 
0.122 
0.149 
0.136 
0.130 
36.045 
35.797 
37.686 
36.749 
36.539 
36.717 
37.288 
36.844 
37.423 
36408 
35.085 
36.285 
36.674 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
36.430 N/A 
35.914 
36.238 
35.471 
36.232 
36.020 
36.348 
36.517 
36.801 
36.180 
35.805 
36.200 
36.382 
35.526 
36.161 
36.018 
36.316 
36.443 
36.425 
35.552 
39.150 
39.838 
36.662 
39.591 
40.111 
39.861 
39.826 
37.361 
39.836 
40.036 
39.952 
39.970 
39.562 
39.732 
39.799 
39.839 
39.932 
40.139 
40.206 
39.983 
40.150 
40.157 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
0.003 
0.000 
oml 
0.010 
0.014 
0.033 
0.008 
0.000 
0.019 
0.000 
0.000 
0.005 
0.004 
0.000 
0.011 
0.002 
0.046 
0.000 
0.000 
0.004 
0.006 
0.020 
.. ~ 
0.019 
0.000 
0.000 
oms 
0.025 
0.002 
0.021 
0.013 
0.027 
0.033 
0.384 
0.032 
0.016 
0.019 
0.002 
0.013 
0.005 
0.020 
0.002 
0.032 
0.000 
O.oJI 
0.033 
0.010 
0.007 
0.017 
om8 
0.027 
0.027 
0.027 
0.015 
0.019 
0.007 
0.000 
0.000 
0.013 
0.018 
0.000 
0.017 
0.000 
0.032 
0.000 
0.000 
0.014 
0.000 
0.003 
0.039 
0.000 
0.004 
0.005 
0.020 
0.000 
0.000 
0.008 
0.004 
Sr 
0.270 
0.229 
0.220 
0.222 
0.152 
0.236 
0.241 
0.245 
0.245 
0.227 
0.267 
0.231 
0.249 
0.246 
0.233 
0.259 
0.202 
0.212 
0.242 
0.245 
0.240 
0.243 
0.232 
0.245 
0.231 
0.249 
0.269 
0.242 
0.255 
0.237 
0.230 
0.242 
0.246 
0.101 
0.093 
0.075 
0.094 
0.094 
0.082 
0.083 
0.084 
0.098 
0.083 
0.071 
0.078 
0.061 
0.067 
0.091 
0.101 
0.090 
0.061 
0.095 
0.072 
0.071 
0.057 
0278 
0.237 
0199 
0.243 
0.224 
0.226 
0156 
0.238 
0.1119 
0.206 
0.157 
0.18~ 
0168 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
0.245 N/A 
0.238 
0.220 
0.223 
0.235 
0.246 
0.199 
0.223 
0.195 
0.203 
0222 
0.185 
0.209 
0.172 
0.206 
0.184 
O.ISO 
0.161 
0.201 
0.200 
0.122 
0.098 
0.082 
0.078 
0.095 
0.093 
0.105 
0.115 
0.098 
0.092 
0.089 
00711 
0079 
0.080 
0.096 
0.098 
0.100 
0.086 
0.096 
0.016 
0.077 
0.067 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
0.002 
0.000 
0002 
0.000 
0.000 
0.000 
0.006 
0.001 
0002 
0000 
0.003 
0.000 
0000 
0.005 
0003 
0001 
0.002 
0.000 
0.000 
0.000 
0001 
0000 
xxxix 
Point 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
P 
0.004 
0.000 
0.005 
0.005 
0.001 
0.003 
0.003 
0.004 
0.001 
0.006 
0.006 
0.004 
0.002 
0.006 
0.003 
0.004 
0.002 
0.001 
0.000 
0.000 
0.005 
0.005 
0.006 
0.007 
0.009 
0.005 
0.007 
0.006 
0.007 
0.002 
0.001 
0.002 
0.005 
0.008 
0.002 
0.003 
0.007 
0.004 
0.010 
0.004 
0.002 
0.006 
0.003 
0.000 
0.004 
0.002 
0.001 
0.006 
0.004 
0.005 
0.000 
0.001 
0.001 
0.003 
0.006 
0.005 
0.004 
Si 
0.005 
0.005 
0.003 
0.009 
0.007 
0.000 
0.006 
0.011 
0.005 
0.002 
0.004 
0.003 
0.006 
0.009 
0.004 
0.002 
0.002 
0.005 
0.003 
0.000 
0.005 
0.001 
0.009 
0.007 
0.010 
0.002 
0.007 
0.009 
0.007 
0.000 
0.000 
0.009 
0.000 
0.003 
0.000 
0.000 
0.003 
0.003 
0.005 
0.009 
0.003 
0.006 
0.005 
0.007 
0.003 
0.005 
0.004 
0.001 
0.000 
0.005 
0.000 
0.006 
0.004 
0.000 
0.004 
0.007 
0.000 
S 
0.046 
0.036 
0.028 
0.027 
0.027 
0.016 
0.015 
0.010 
0.009 
0.020 
0.044 
0.065 
0.064 
0.050 
0.030 
0.023 
0.022 
0.027 
0.034 
0.025 
0.096 
0.126 
0.030 
0.060 
0.078 
0.063 
0.066 
0.016 
0.028 
0.038 
0.031 
0.034 
0.027 
0.030 
0.034 
0.012 
0.020 
0.025 
0.019 
0.010 
O.OIl 
0.024 
0.019 
0.015 
0.012 
0.019 
0.014 
0.018 
0.011 
0.006 
0.029 
0.023 
0.013 
0.003 
0.016 
0.009 
0.022 
Mg 
0.117 
0.105 
0.104 
0.095 
0.094 
0.089 
0.126 
0.097 
0.123 
0.108 
0.128 
0.151 
0.198 
0.111 
0.109 
0.083 
0.092 
0.106 
0.134 
0.122 
0.318 
0.256 
0.001 
0.001 
0.082 
0.055 
0.064 
0.076 
0.098 
0.098 
0.102 
0.094 
0.117 
0.Il2 
0.114 
0.119 
0.099 
0.133 
0.118 
0.125 
0.119 
0.097 
0.099 
0.104 
0.107 
0.145 
0.125 
0.127 
0.138 
O.ISI 
0.157 
0.142 
0.113 
0.113 
0.127 
0.116 
0.121 
40.033 
40.408 
40.122 
40.313 
40.091 
40.117 
40.522 
40.166 
40.143 
39.970 
40.082 
36.985 
40.255 
40.15S 
40.373 
40.348 
40.169 
40.387 
40.274 
39.599 
39.660 
39.667 
39.218 
38.882 
38.743 
36.018 
39.170 
35.695 
39.394 
38.119 
39.179 
37.149 
38.724 
39.938 
39.790 
39.732 
35.748 
39.749 
39.694 
39.733 
39.833 
39.720 
36.064 
34.S68 
39.780 
39.853 
39.966 
39.94S 
39.S29 
39.700 
39.652 
39.871 
40.047 
39.714 
39.688 
39.914 
39.882 
0.000 
0.011 
0.006 
0.019 
0.000 
0.013 
0.013 
0.009 
0.029 
0.000 
0.023 
0.011 
0.000 
0.000 
0.000 
0.006 
0.000 
0.000 
0.000 
0.029 
0.042 
0.000 
0.001 
0.000 
0.000 
0.000 
0.000 
0.032 
0.000 
0.006 
0.000 
0.000 
0.000 
0.000 
0.000 
0.055 
0.000 
0.000 
0.000 
0.021 
0.036 
0.011 
0.000 
0.026 
0.000 
0.011 
0.004 
0.000 
0.013 
0.025 
0.000 
0.033 
0.000 
0.008 
0.006 
0.000 
0.003 
0.000 
0.004 
0.000 
0.024 
0.002 
0.000 
0.005 
0.000 
0.000 
0.003 
0.000 
0.024 
0.000 
O.oJ8 
0.000 
0.002 
0.000 
0.001 
0.000 
0.027 
0.000 
0.001 
0.000 
0.000 
0.000 
0.010 
0.004 
0.004 
0.007 
0.005 
0.000 
0.015 
0.016 
0.013 
0.003 
0.004 
0.013 
0.008 
0.000 
0.001 
0.000 
0.003 
0.000 
0.000 
0.012 
0.014 
0.000 
0.013 
0.032 
0.004 
0.000 
0.016 
0.000 
0.015 
0.012 
0.005 
0.000 
Sr 
0.068 
0.074 
0.078 
0.108 
0.084 
0.054 
0.093 
0.081 
0.042 
0.076 
0.078 
0017 
0.080 
0.078 
0.093 
0.084 
0.068 
0.080 
0.079 
0.063 
0.078 
0.091 
0.126 
0.151 
0.125 
0.103 
0.085 
0.087 
0.099 
0087 
0.101 
0.075 
0.096 
0.097 
0.094 
0.083 
0.088 
0.085 
0.112 
0.094 
0.093 
0.112 
0.067 
0.090 
0.072 
0.105 
0.090 
0.080 
0.074 
0.085 
0.089 
0.073 
0.083 
0.055 
0.085 
0.078 
0.083 
0.063 
0.075 
0.062 
0.065 
0.072 
0.068 
0.074 
0.058 
0.058 
0.059 
0.056 
00505 
0.052 
0.049 
0.062 
0.056 
0.057 
0.056 
0.060 
0.047 
0.044 
0.0211 
0.218 
0.233 
0.202 
0172 
0.151 
0.147 
0.137 
0.123 
0.137 
0148 
01305 
0.136 
0.141 
0148 
0.144 
O.ISO 
0.145 
0.152 
0.1505 
0.139 
0.147 
0.148 
0.124 
0.116 
0.100 
0.092 
0.097 
0.098 
0.095 
0.093 
0.084 
0.084 
0.092 
0.076 
0.082 
0000 
0000 
0.000 
0.000 
0.000 
0.001 
0000 
0.000 
0000 
ooo~ 
0.003 
0000 
O()()() 
0.003 
0.000 
0000 
0.006 
0000 
0.001 
0.000 
0.003 
0000 
0.006 
0.001 
0.000 
0000 
0.002 
O()()() 
0.000 
0.000 
0.000 
0000 
0000 
0.001 
0.000 
0000 
0.000 
0.000 
0.000 
0.005 
0.000 
0000 
0.000 
0.000 
0.001 
0.001 
0.002 
0.000 
0.006 
0.004 
0001 
0.001 
0.004 
0.000 
0.000 
0000 
0.001 
"I 
Point 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
P 
0.003 
0.002 
0.006 
0.000 
0.003 
0.006 
0.001 
0.001 
0.003 
0.005 
0.005 
0.001 
0.006 
0.007 
0.010 
0.005 
0.005 
0.003 
0.008 
0.003 
0.008 
0.004 
0.004 
0.001 
0.012 
0.007 
0.005 
0.004 
0.004 
0.006 
0.004 
0.007 
0.004 
0.002 
0.003 
0.004 
0.006 
0.009 
0.007 
0.010 
0.004 
0.011 
0.004 
0.005 
0.009 
0.003 
0.001 
0.001 
0.012 
0.002 
0.009 
0.005 
0.004 
0.004 
0.001 
0.005 
0.000 
Si 
0.003 
0.000 
0.004 
0.000 
0.008 
0.009 
0.002 
0.000 
0.005 
0.002 
0.000 
0.000 
0.002 
0.029 
0.001 
0.000 
0.003 
O.otl 
0.000 
0.002 
0.008 
0.009 
0.003 
0.011 
0.010 
0.000 
0.004 
0.004 
0.004 
0.007 
0.005 
0.010 
0.000 
0.016 
0.000 
0.006 
0.000 
0.013 
0.001 
0.000 
0.008 
0.007 
0.000 
0.007 
0.006 
0.010 
0.010 
0.009 
0.000 
0.001 
0.005 
0.013 
0.000 
0.004 
0.001 
0.007 
0.000 
s 
0.022 
0.008 
0.012 
0.020 
0.038 
0.069 
0.069 
0.070 
0.035 
0.071 
0.042 
0.067 
0.051 
0.050 
0.1\3 
0.091 
0.080 
0.072 
0.045 
0.053 
0.027 
0.041 
0.041 
0.041 
0.043 
0.031 
0.022 
0.043 
0.027 
0.049 
0.052 
0.058 
0.033 
0.016 
0.031 
0.028 
0.038 
0.032 
0.030 
0.026 
0.044 
0.034 
0.044 
0.024 
0.039 
0.027 
0.027 
0.032 
0.031 
0.041 
0.036 
0.024 
0.032 
0.050 
0.067 
0.044 
0.041 
M, 
0.161 
0.138 
0.097 
0.124 
0.123 
0.044 
0.016 
0.005 
0.011 
0.016 
0.014 
0.018 
0.019 
0.012 
0.076 
0.060 
0.065 
0.094 
0.106 
0.104 
0.100 
0.106 
0.113 
0.104 
0.107 
0.106 
0.1\5 
0.106 
0.107 
0.106 
0.108 
0.099 
0.113 
0.104 
0.108 
0.\10 
0.115 
0.111 
0.126 
0.129 
0.158 
0.135 
0.142 
0.161 
0.149 
0.125 
0.156 
0.164 
0.137 
0.133 
0.162 
0.155 
0.187 
0.172 
0.130 
0.004 
0.020 
Ca 
39.631 
39.343 
40.073 
39.511 
39.849 
39.121 
38.699 
38.702 
36.892 
31.35 I 
28.657 
32.010 
38.585 
35.445 
38.785 
39.447 
39.418 
39.235 
39.569 
39.546 
39.084 
39.351 
39.453 
39.430 
39.780 
39.538 
39.656 
39.541 
39.505 
39.563 
39.439 
39.545 
39.652 
39.794 
39.645 
39.684 
39.510 
39.744 
39.841 
39.983 
39.773 
39.982 
39.858 
39.859 
39.730 
39.865 
39.994 
40.078 
39.894 
39.949 
39.806 
39.774 
39.730 
39.776 
39.835 
38.771 
38.034 
0.003 
0.000 
0.006 
0.000 
0.021 
0.001 
0.014 
0.025 
0.021 
0.000 
0.0\3 
0.000 
0.000 
0.021 
0.019 
0.049 
0.000 
0.030 
0.000 
0.000 
0.0\3 
0.000 
0.031 
0.008 
0.000 
0.000 
0.019 
0.000 
0.000 
0.003 
0.000 
0.000 
0.005 
0.000 
0.000 
0.022 
0.016 
0.002 
0.037 
0.000 
0.000 
0.000 
0.000 
0.000 
0.006 
0.000 
0.012 
0.007 
0.000 
0.000 
0.005 
0.033 
0.038 
0.039 
0.000 
0.004 
0.000 
0.003 
0.024 
0.015 
O.oJ8 
0.003 
0.000 
0.016 
0.056 
0.022 
0.008 
0.020 
0.024 
0.009 
0.014 
0.000 
0.000 
0.000 
0.012 
0.002 
0.000 
0.016 
0.007 
0.000 
0.000 
0.000 
0.000 
0.025 
0.000 
0.000 
0.000 
0.006 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.003 
0.000 
0.013 
0.013 
0.010 
0.002 
0.016 
0.010 
0.002 
0.005 
0.000 
0.027 
0.000 
0.000 
0.020 
0.023 
0.000 
0.000 
0.013 
0.024 
Sr 
0.086 
0.Q75 
0.062 
0.056 
0.076 
0.167 
0.262 
0.\37 
0.327 
0.190 
0.216 
0.204 
0.306 
0.160 
0.129 
0.1\5 
0.132 
0.1\0 
0.107 
0.086 
0.126 
0.081 
0.080 
0102 
0.113 
0.1\3 
0.115 
0.124 
0.089 
0099 
0.122 
0.087 
0.083 
0086 
0.106 
0.104 
0.124 
0.088 
0.104 
0.074 
0.084 
0.101 
0.093 
0.091 
0.077 
0.099 
0.098 
0.088 
0.078 
0.083 
0.066 
0.077 
0.069 
0.104 
0.090 
0.125 
0.248 
Na 
0.090 
0.081 
0.067 
0.063 
0.053 
0.157 
0.158 
0.253 
0220 
0.221 
0.205 
0.229 
0.239 
0.154 
0.204 
0.207 
0.223 
0.213 
0.203 
0.209 
0.221 
0.208 
0.207 
0.191 
0.192 
0.198 
0.177 
0.189 
0.167 
0.171 
O.IM 
0.168 
0.177 
0166 
0165 
0.1.52 
0.153 
0.148 
0.141 
0.128 
0.126 
0.125 
0.123 
0.109 
0.102 
0.088 
0.093 
0.107 
0.096 
0.099 
0.096 
0.084 
0.069 
0.063 
0.059 
0.244 
0.220 
0000 
0000 
0.002 
oom 
0.000 
0000 
0.006 
0.005 
0000 
0.001 
0.000 
0004 
0.000 
0.001 
0000 
0000 
0.002 
0000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.000 
0003 
0.000 
0002 
0000 
0.000 
0002 
0000 
0.004 
0.002 
0000 
0.000 
0.000 
0.003 
0.000 
0.004 
0.007 
0.000 
0.000 
0.000 
0000 
0.000 
0.000 
0.002 
0002 
0001 
0000 
0003 
0000 
0.000 
0.000 
0000 
0.000 
0.007 
xli 
Point 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
I3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
P 
0.003 
0.001 
0.001 
0.001 
0.003 
0.003 
0.003 
0.003 
0.004 
0.000 
0.000 
0.002 
0.001 
0.001 
0.004 
0.002 
0.002 
0.002 
0.000 
0.003 
0.004 
0.001 
0.001 
0.001 
0.001 
0.003 
0.002 
0.007 
0.001 
0.005 
0.002 
0.003 
0.004 
0.004 
0.005 
0.001 
0.005 
0.002 
0.006 
0.002 
0.004 
0.003 
0.000 
0.004 
0.004 
0.003 
0.004 
0.005 
0.007 
0.003 
0.003 
0.000 
0.004 
0.000 
0.006 
0.004 
0.002 
Si 
0.008 
0.000 
0.000 
0.001 
0.005 
0.003 
0.000 
0.002 
0.000 
0.000 
0.003 
0.009 
0.000 
0.009 
0.001 
0.006 
0.000 
0.000 
0.006 
0.000 
0.004 
0.001 
0.001 
0.004 
0.009 
0.004 
0.000 
0.005 
0.001 
0.001 
0.005 
0.004 
0.005 
0.008 
0.000 
0.004 
0.000 
0.014 
0.247 
0.004 
0.001 
0.014 
0.006 
0.009 
0.004 
0.002 
0.000 
0.003 
0.004 
0.000 
0.000 
0.000 
0.006 
0.000 
0.004 
0.005 
0.004 
S 
0.036 
0.035 
0.044 
0.034 
0.037 
0.048 
0.051 
0.043 
0.053 
0.050 
0.031 
0.029 
0.041 
0.049 
0.040 
0.036 
0.029 
0.027 
0.056 
0.018 
0.038 
0.033 
0.037 
0.068 
0.072 
0.Q35 
0.047 
0.057 
0.042 
0.041 
0.050 
0.048 
0.024 
0.034 
0.018 
0.022 
0.020 
0.024 
0.032 
0.009 
0.028 
0.024 
0.016 
0.028 
0.028 
0.000 
0.005 
0.023 
0.015 
0.027 
0.023 
0.008 
0.014 
0.022 
0.029 
0.028 
0.021 
Mg 
0.000 
0.003 
0.004 
0.011 
0.000 
0.025 
0.007 
0.013 
0.016 
0.001 
0.020 
0.022 
0.015 
0.016 
0.023 
0.017 
0.019 
0.011 
0.024 
0.042 
0.030 
0.026 
0.018 
0.022 
0.057 
0.050 
0.057 
0.061 
0.076 
0.088 
0.087 
0.102 
0.112 
0.136 
0.112 
0.115 
0.114 
0.086 
0.132 
0.121 
0.128 
0.109 
0.113 
0.120 
0.116 
0.129 
0.123 
0.123 
0.114 
0.119 
0.112 
0.144 
0.128 
0.138 
0.165 
0.171 
0.146 
c. 
33.111 
30.058 
29.531 
27.594 
26.191 
27.255 
26.455 
26.414 
25.892 
25.070 
23.741 
24.813 
24.786 
24.629 
23.680 
24.966 
23.329 
24.447 
24.595 
25.432 
31.721 
30.074 
32.806 
38.990 
39.901 
40.220 
34.019 
40.194 
40.257 
40.346 
40.311 
40.176 
39.796 
40.097 
39.607 
39.988 
32.364 
40.315 
39.742 
39.734 
40.026 
40.100 
40.193 
40.388 
40.519 
40.412 
38.353 
40.056 
40.276 
40.412 
40.068 
40.209 
40.237 
40.458 
40.272 
40.293 
40.399 
Ma 
0.001 
0.000 
0.000 
0.034 
0.011 
0.000 
0.003 
0.000 
0.026 
0.003 
0.000 
0.000 
0.000 
0.000 
0.014 
0.000 
0.002 
0.004 
0.000 
0.003 
0.019 
0.000 
0.000 
0.000 
0.005 
0.008 
0.000 
0.008 
0.012 
0.017 
0.000 
0.022 
0.014 
0.023 
0.000 
0.000 
0.000 
0.000 
0.000 
0.029 
0.000 
0.000 
0.000 
0.069 
0.036 
0.004 
0.002 
0.046 
0.003 
0.003 
0.016 
0.014 
0.000 
0.014 
0.000 
0.000 
0.047 
Fr 
0.017 
0.019 
0.005 
0.011 
0.006 
0.023 
O.oJ5 
0.001 
0.016 
0.000 
0.021 
0.001 
0.000 
0.001 
0.014 
0.001 
0.000 
0.005 
0.000 
0.000 
0.008 
0.019 
0.005 
0.022 
0.001 
0.012 
0.000 
0.000 
0.004 
0.007 
0.000 
0.006 
0.000 
0.004 
0.032 
0.011 
0.000 
0.000 
0.078 
0.031 
0.007 
0.007 
0.017 
0.013 
0.018 
0.008 
0.000 
0.016 
0.000 
0.000 
0.000 
0.013 
0.001 
0.000 
0.013 
O.oJI 
0.008 
Sr 
0.120 
0.107 
0.093 
0.101 
0.094 
0.098 
0.127 
0.245 
0.122 
0.080 
0.144 
0.187 
0.159 
0.123 
0.148 
0.175 
0.139 
0.199 
0.158 
0.215 
0326 
0.154 
0.144 
0.212 
0.097 
0.119 
0.083 
0.082 
0.097 
0.103 
0.102 
0.103 
0.084 
0.090 
0.085 
0.104 
O.OBO 
0.083 
0.081 
0.061 
0.085 
0.064 
0.084 
0.078 
0.091 
0.085 
0.083 
0.084 
0.075 
0.074 
0.070 
0.113 
0.088 
0.081 
0.082 
0.075 
0.095 
Na 
0.242 
0.220 
0.222 
0.212 
0.213 
0.217 
0.204 
0.221 
0.212 
0.216 
0.197 
0.203 
0.199 
0.207 
0.194 
0.203 
0.198 
0.207 
0.205 
0.216 
0.217 
0.207 
0.235 
0.216 
0.166 
0.192 
0.166 
0.169 
0.154 
0149 
0.144 
0.159 
0.152 
0.138 
0.154 
0.140 
0.152 
0.142 
0.149 
0.159 
0.1411 
0.133 
0.135 
0.146 
0.143 
0.1211 
0.126 
0.113 
0.108 
0.119 
0.117 
0.107 
0.099 
0.096 
0.090 
0.089 
0.077 
0000 
0.000 
0.003 
0000 
0.001 
0.003 
0.001 
0.003 
O()()(J 
o ()()() 
0.000 
0.001 
0.004 
0.000 
O()(JO 
0000 
0.000 
0.002 
0.001 
0.000 
0.002 
0007 
0.000 
0.005 
0.000 
0003 
0.007 
0.003 
0()()3 
0.001 
0000 
0.006 
0000 
O.()(JO 
0.002 
0000 
0.001 
O()()2 
0.006 
0.000 
0.007 
0.000 
0.000 
0000 
0.000 
0.000 
0.000 
0003 
0.000 
0000 
0.000 
0.004 
0000 
0.000 
0.002 
0000 
0.000 
xlii 
Poiat 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
\0 
11 
12 
\3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
P 
0.002 
0.002 
0.005 
0.007 
0.001 
0.008 
0.007 
0.007 
0.005 
0.001 
0.000 
0.002 
0.005 
0.002 
0.004 
0.007 
0.001 
0.006 
0.007 
0.003 
0.005 
0.003 
0.007 
0.000 
0.001 
0.004 
0.006 
0.004 
0.004 
0.006 
0.010 
0.001 
0.002 
0.005 
0.006 
0.001 
0.007 
0.004 
0.004 
0.005 
0.00 I 
0.004 
0.004 
0.004 
0.003 
0.002 
0.005 
0.004 
0.003 
0.004 
0.007 
0.003 
0.005 
0.007 
0.001 
0.005 
0.003 
SI 
0.000 
0.003 
0.007 
0.011 
0.004 
0.006 
0.004 
0.015 
0.005 
0.004 
0.005 
0.006 
0.002 
0.004 
0.000 
0.010 
0.002 
0.002 
0.004 
0.004 
0.006 
0.001 
0.000 
0.008 
0.003 
0.003 
0.011 
0.004 
0.011 
0.002 
0.004 
0.000 
0.005 
0.011 
0.001 
0.006 
0.010 
0.000 
0.005 
0.004 
0.005 
0.009 
0.005 
0.011 
0.000 
0.000 
0.010 
0.008 
0.001 
O.oJI 
0.003 
0.005 
0.002 
0.006 
0.000 
0.000 
0.009 
s 
0.019 
0.014 
0.020 
0.017 
0.024 
0.026 
0.025 
0.062 
0.069 
0.071 
0.060 
0.040 
0.036 
0.035 
0.050 
0.047 
0.057 
0.044 
0.052 
0.045 
0.048 
0.080 
0.043 
0.033 
0.038 
0.042 
0.041 
0.044 
0.042 
0.032 
0.025 
0.045 
0.015 
0.020 
0.022 
0.023 
0.037 
0.021 
0.034 
0.019 
0.010 
0.030 
0.005 
0.023 
0.014 
0.030 
0.009 
0.028 
0.024 
0.020 
0.018 
0.078 
0.058 
0.062 
0.064 
0.049 
0.048 
Mg 
0.107 
0.112 
0.127 
0.121 
0.142 
0.135 
0.107 
0.073 
0.012 
0.012 
O.oI5 
0.001 
0.010 
0.014 
0.013 
0.010 
0.014 
0.060 
0.071 
0.072 
0.063 
0.086 
0.066 
0.085 
0.087 
0.096 
0.121 
0.138 
0.131 
0.135 
0.121 
0.116 
0.113 
0.\09 
0.125 
0.144 
0.151 
0.133 
0.159 
0.130 
0.124 
0.139 
0.159 
0.124 
0.127 
0.153 
0.146 
0.156 
0.167 
0.128 
0.114 
0.161 
0.012 
0.018 
0.009 
0.009 
0.031 
Ca 
34.179 
40.360 
40.366 
40.344 
40.374 
40.327 
40.331 
39.497 
39.016 
37.944 
29.671 
29.418 
27.773 
28.513 
33.693 
38.500 
38.796 
39.292 
39.479 
39.189 
39.225 
39.260 
39.359 
39.405 
34.180 
39.491 
39.507 
39.562 
39.561 
39.823 
39.823 
39.559 
39.839 
39.949 
39.751 
39.568 
40.059 
39.748 
39.666 
39.722 
39.750 
39.676 
39.886 
39.489 
39.786 
40.078 
39.980 
40.061 
40.053 
40.344 
40.104 
40.342 
38.601 
35.731 
34.918 
30.617 
211.043 
Ma 
0.000 
0.022 
0.002 
0.021 
0.000 
0.036 
0.000 
0.037 
0.009 
0.000 
0.016 
0.000 
O.oJ5 
0.000 
0.007 
0.000 
0.000 
0.000 
0.000 
0.016 
0.008 
0.022 
0.023 
0.000 
0.000 
0.000 
0.009 
0.051 
0.000 
0.000 
0.033 
0.043 
0.011 
0.000 
0.023 
0.029 
0.005 
0.004 
O.oI8 
0.023 
0.004 
0.014 
0.022 
0.000 
0.000 
0.002 
0.000 
0.034 
0.009 
0.005 
0.005 
0.033 
0.003 
0.000 
0.020 
0.036 
0.00 I 
0.000 
0.023 
0.000 
0.00 I 
0.000 
0.006 
0.034 
0.000 
0.00 1 
0.000 
0.019 
0.008 
0.020 
0.009 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.022 
O.oI5 
0.003 
0.000 
0.001 
0.007 
0.014 
0.005 
0.003 
0.000 
0.000 
0.013 
0.031 
0.012 
0.008 
0.000 
0.000 
0.003 
0.000 
0.006 
0.010 
0.014 
0.002 
0.000 
0.000 
0.006 
0.000 
0.024 
0.005 
0.027 
0.021 
0.017 
0.010 
0.009 
Sr 
0.085 
0.050 
0.082 
0.062 
0.089 
0.065 
0.089 
0.113 
0354 
0.146 
0.201 
0.195 
0.229 
0.217 
0.223 
0.305 
0.264 
0.134 
0.102 
0.093 
0.090 
0.083 
0.115 
0.110 
0.106 
0.114 
0.109 
0.101 
0.096 
0.101 
0.105 
0.078 
0.085 
0.080 
0.097 
0.092 
0.087 
0.106 
0.084 
0.088 
0.078 
0.088 
0.083 
0.063 
0.090 
0.090 
0.077 
0.083 
0.084 
0.051 
0.062 
0.060 
0.277 
0.191 
0.176 
0.124 
0.201 
Na 
0.076 
0.080 
0.074 
O.OM 
0.075 
0.073 
0.060 
0.149 
0.242 
0.241 
0.218 
0.223 
0.208 
0.225 
0.219 
0.223 
0.230 
0.151 
0.157 
0.170 
0.183 
0.173 
0.159 
0.177 
0.177 
0.161 
0.138 
0.135 
0.13~ 
0.142 
0.128 
0.134 
0.139 
0.126 
0.130 
0.129 
0.128 
O.IIS 
01011 
0.107 
0.105 
0.111 
0.121 
0.106 
0.102 
0.095 
0.097 
0.089 
0.0117 
0.063 
0.062 
0.049 
0.207 
0.220 
0.2411 
0.241 
0.207 
K 
0.000 
0.003 
O(JOO 
0.000 
0.002 
O()()() 
0.004 
0.001 
0.001 
0.003 
0.000 
0002 
0.000 
0.003 
O.OO~ 
0.000 
0.006 
0.000 
0000 
0.000 
0000 
0000 
0.000 
0005 
0.006 
0.002 
0.000 
o.oo~ 
0.000 
0.000 
0.0011 
0.000 
O.OO() 
0.002 
0.001 
0.005 
0.003 
0.000 
0.005 
0.004 
0.005 
0.000 
0000 
0003 
0.000 
0.000 
0.000 
0.004 
0.003 
0.000 
0.002 
0.001 
0003 
0.004 
0.005 
0.000 
0.001 
xliii 
Point P 
41 0.001 
42 0.001 
43 0.004 
44 0.002 
45 0.007 
46 0.008 
Sample 2 
1 0.067 
2 0.060 
3 0.058 
4 0.061 
5 0.056 
6 0.059 
7 0.059 
8 0.058 
9 0.058 
10 0.058 
II 0.057 
12 0.057 
13 0.059 
14 0.057 
15 0.058 
16 0.060 
17 0.058 
18 0.060 
19 0.062 
20 0.059 
21 0.058 
22 0.059 
23 0.055 
24 0.055 
25 0.058 
26 0.057 
27 0.024 
28 0.035 
29 0.055 
30 0.056 
31 0.058 
32 0.057 
33 0.055 
Si 
0.000 
0.006 
0.014 
0.007 
0.002 
0.007 
0.019 
0.016 
0.018 
0.006 
0.012 
0.007 
0.005 
0.006 
0.014 
0.006 
0.006 
0.009 
0.018 
0.024 
0.013 
0.010 
0.009 
0.009 
0.004 
0.00 I 
0.008 
0.014 
0.019 
0.013 
0.004 
0.001 
0.089 
0.013 
0.001 
0.017 
0.002 
O.oJ5 
0.012 
Avian Eggshrll (GIllhIs glllhls) 
Sample 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
0.105 
0.057 
0.037 
0.025 
0.023 
0.021 
0.026 
0.015 
0.016 
0.018 
0.007 
0.008 
0.010 
0.005 
0.001 
0.024 
0.016 
0.002 
0.001 
0.009 
0.124 
0.020 
0.028 
0.005 
0.087 
0.253 
0.003 
0.267 
0.000 
0.014 
S 
0.061 
0.052 
0.040 
0.048 
0.049 
0.052 
0.086 
0.068 
0.076 
0.052 
0.\14 
0.089 
0.059 
0.072 
0.067 
0.089 
0.089 
0.075 
0.052 
0.065 
0.061 
0.049 
0.049 
0.035 
0.035 
0.024 
0.035 
0.047 
0.057 
0.034 
0.059 
0.064 
0.\04 
0.041 
0.050 
0.050 
0.038 
0.057 
0.052 
0.021 
0.024 
0.014 
oms 
0.012 
0.007 
0.025 
0.019 
0.019 
0.013 
0.026 
0.007 
0.086 
0.016 
0.017 
Mg 
0.010 
0.016 
0.020 
0.019 
0.025 
0.016 
0.079 
0.064 
0.105 
0.135 
0.114 
0.136 
0.148 
0.146 
0.156 
0.163 
0.161 
0.163 
0.150 
0.156 
0.159 
0.132 
0.13\ 
0.112 
0.074 
0.000 
0.000 
0.000 
0.000 
0.000 
0.020 
0.013 
0.014 
0.00 \ 
0.000 
0.000 
0.000 
0.000 
0.000 
0.593 
0.548 
0.587 
0.545 
0.463 
0.503 
0.371 
0.337 
0.337 
0.214 
0.233 
0.151 
0.096 
0.089 
0.136 
Ca 
29.302 
27.754 
32.334 
38.939 
38.624 
38.671 
39.143 
39.738 
40.331 
39.326 
40.140 
40.240 
39.850 
40.026 
39.821 
40.137 
40.122 
39.676 
39.883 
39.435 
39.751 
39.974 
39.943 
39.863 
39.890 
39.013 
39.531 
39.283 
39.786 
39.454 
39.390 
39.223 
11.936 
25.690 
38.258 
38.826 
39.150 
38.751 
38.850 
37.219 
37.520 
37.938 
37.994 
38.434 
36.768 
38.328 
38.081 
38.773 
36.978 
31.769 
39.584 
33.211 
39.143 
39.046 
0.009 
0.003 
0.000 
0.016 
0.006 
0.000 
0.00 I 
0.000 
0.004 
0.009 
0.000 
0.000 
0.000 
0.008 
0.000 
0.000 
0.013 
0.000 
0.011 
0.005 
0.004 
0.000 
0.000 
0.000 
0.000 
0.000 
0.011 
0.000 
0.024 
0.000 
0.004 
0.000 
0.000 
0.021 
0.000 
0.000 
0.000 
0.000 
0.014 
0.013 
0.019 
0.005 
0.000 
0.009 
0.014 
0.000 
0.000 
0.000 
0.013 
0.000 
0.000 
0.014 
0.012 
0.000 
Fr 
0.008 
0.015 
0.012 
0.034 
0.00 I 
0.000 
0.000 
0.025 
0.000 
0.008 
0.000 
0.007 
0.000 
0.003 
0.016 
0.029 
0.025 
0.017 
0.037 
0.000 
0.025 
0.003 
0.000 
0.000 
0.005 
O.oJ8 
0.000 
0.009 
O.oJI 
0.006 
0.012 
0.013 
0.066 
0.000 
0.030 
0035 
0.000 
0.012 
0.025 
0.013 
0.000 
oms 
0.000 
0.000 
0.044 
0.000 
0.000 
0.000 
0.014 
0.023 
0.007 
0.006 
0.000 
0.000 
Sr 
0.184 
0.235 
0.224 
0.188 
0.281 
0.280 
0.042 
0.109 
0.112 
0.108 
0.128 
0.145 
0.117 
0.102 
0.125 
0.110 
0.100 
0.104 
0.100 
0.129 
0.109 
0.087 
0.126 
0.088 
0.105 
0.100 
0.152 
0.113 
0.088 
0.101 
0.095 
0.081 
0.073 
0.078 
0.088 
0.093 
0.002 
0.001 
0.007 
0.057 
0.055 
0.043 
0.059 
0.066 
0.045 
0.031 
0.043 
0.022 
0.000 
0.042 
0.033 
0.014 
0.023 
0.022 
Na 
0.234 
0.215 
0.225 
0.221 
0.236 
0.225 
0.298 
0.258 
0.272 
0.288 
0.257 
0.275 
0.302 
0.279 
0.293 
0.276 
0.268 
0.257 
0.259 
0.269 
0.245 
0.249 
0.227 
0.197 
0.154 
0.297 
0.280 
0.289 
0.303 
0.278 
0.266 
0.269 
0.130 
0.192 
0.290 
0310 
0.283 
0.285 
0.321 
0.045 
0.036 
0.030 
0.029 
0.021 
0.026 
0.032 
0.026 
0.034 
0.027 
0.041 
0.042 
0.044 
0.067 
0.069 
0.004 
0.007 
0.000 
0.003 
0.003 
OOO,S 
0.007 
0.000 
0.005 
0.000 
0.000 
0.000 
0.000 
0.007 
0000 
0.002 
0.001 
0007 
0.005 
0004 
0.007 
0.008 
0.000 
0.000 
O.OO} 
0.003 
0000 
0.002 
o OO() 
0006 
0.000 
0.004 
0018 
0.003 
0002 
0.003 
0.00() 
0003 
0.002 
0033 
0.031 
0.020 
0.017 
0.019 
0022 
0.0\4 
0.018 
0.021 
0.012 
0.005 
0.006 
0.003 
0.004 
0.006 
Poiut P 
16 0.001 
17 0.000 
0.099 
2 0.053 
3 0.034 
4 0.009 
5 0.022 
6 0.018 
7 0.020 
8 0.019 
9 0.016 
10 0.013 
11 0.018 
12 0.010 
13 0.010 
14 0.005 
15 0.005 
16 0.001 
17 0.008 
I 0.118 
2 0.052 
3 0.036 
4 0.028 
5 0.026 
6 0.022 
7 0.023 
8 0.017 
9 0.007 
10 0.007 
II 0.009 
12 0.008 
13 0.012 
14 0.005 
15 0.002 
16 0.004 
I 0.106 
2 0.058 
3 0.017 
4 0.033 
5 0.028 
6 0.031 
7 0.015 
8 0.025 
9 0.019 
10 0.018 
II 0.011 
12 0.009 
13 0.010 
14 0.009 
15 0.001 
16 0.006 
17 0.000 
SampJe2 
0.123 
2 0.072 
Si 
0.002 
0.029 
0.006 
0.005 
0.009 
0.032 
0.005 
0.009 
0.008 
0.014 
0.003 
0.006 
0.073 
0.024 
0.010 
0.324 
0.004 
0.011 
0.014 
0.023 
0.006 
0.009 
0.002 
0.012 
0.001 
0.014 
0.006 
0.004 
0.027 
0.004 
0.000 
0.002 
0.001 
0.064 
0.019 
0.006 
0.010 
0.008 
0.768 
0.006 
0.005 
0.007 
0.005 
0.004 
0.012 
0.002 
0.013 
0.017 
0.047 
0.040 
0.109 
0.000 
0.015 
0.031 
S 
0.013 
0.027 
0.013 
0.016 
0.017 
0.029 
0.016 
0.035 
0.024 
0.027 
0.012 
0.018 
0.009 
0.009 
0.001 
0.039 
0.022 
0.007 
0.119 
0.028 
0.009 
0.000 
0.015 
0.027 
0.031 
0.016 
0.005 
0.009 
0.036 
0.009 
0.017 
0.011 
0.028 
0.000 
0.024 
0.027 
0.031 
0.032 
0.001 
0.020 
0.023 
0.019 
0.019 
0.015 
0.024 
0.016 
0.004 
0.023 
0.026 
0.022 
0.020 
0.009 
0.018 
0.021 
Mg 
0.250 
0.393 
0.584 
0.609 
0.520 
0.198 
0.464 
0.390 
0.359 
0.343 
0.312 
0.313 
0.258 
0.156 
0.116 
0.087 
0.188 
0.238 
0.437 
0.588 
0.597 
0.569 
0.528 
0.442 
0.419 
0.344 
0.377 
0.341 
0.146 
0.328 
0.236 
0.191 
0.146 
0.149 
0.176 
0.621 
0.589 
0.297 
0.505 
0.448 
0.441 
0.384 
0.357 
0.317 
0.261 
0.234 
0.196 
0.133 
0.113 
0.157 
0.288 
0.304 
0.557 
0.513 
c. 
38.462 
37.798 
37.799 
37.965 
37.977 
14.830 
37.946 
38.051 
38.394 
38.085 
38.642 
38.212 
38.823 
39.145 
38.959 
34.785 
39.135 
37.850 
35.937 
37.683 
37.926 
38.421 
38.132 
38.337 
38.103 
37.551 
38.688 
38.508 
18.161 
39.314 
39.303 
39.492 
39.779 
39.590 
39.058 
37.680 
37.466 
20.130 
37.051 
38.326 
38.034 
38.229 
38.320 
38.369 
38.535 
38.898 
39.211 
39.017 
37.445 
38.824 
36.912 
39.078 
39.369 
38.548 
M. 
0.000 
0.000 
0.000 
0.003 
0.019 
0.011 
0.011 
0.017 
0.000 
0.002 
0.019 
0.019 
0.000 
0.033 
0.003 
0.000 
0.009 
0.010 
0.002 
0.020 
0.000 
0.000 
0.014 
0.008 
0.000 
0.000 
0.000 
0.024 
0.000 
0.000 
0.034 
0.006 
0.005 
0.000 
0.000 
0.013 
0.000 
0.000 
0.002 
0.027 
0.005 
0.004 
0.020 
0.000 
0.009 
0.009 
0.003 
0.000 
0.000 
0.000 
0.000 
0.005 
0.000 
0.000 
Fe 
0.000 
0.000 
0.026 
0.000 
0.000 
0.010 
0.000 
0.000 
0.000 
0.013 
0.000 
0.007 
0.000 
0.000 
O.Q\I 
0.065 
0.000 
0.01 I 
0.001 
0.000 
0.012 
0.012 
0.000 
0.000 
0.026 
0.000 
0.000 
0.006 
0.003 
0.000 
0.000 
0.003 
0.002 
0.002 
0.016 
0.000 
0.000 
0.000 
0.000 
0.003 
0.000 
0.007 
0.000 
0.000 
0.000 
0.000 
0.003 
O.Q\I 
0.029 
0.018 
0.009 
0.000 
0.000 
0.0\5 
Sr 
0.033 
0.Q\8 
0.045 
0.067 
0.039 
0.029 
0.045 
0.051 
0.051 
0.030 
0.034 
0.004 
0.Q28 
0.018 
0.026 
0.021 
0.038 
0.034 
0.020 
0.037 
0.044 
0.056 
0.042 
0.039 
0.028 
0.033 
0.040 
0.014 
0.020 
0.042 
0.029 
0.012 
0.052 
0.046 
0.022 
0.053 
0.052 
0.044 
0.033 
0.039 
0.037 
0.034 
0.016 
0.025 
0.023 
0.028 
0.004 
0.020 
0.004 
0.024 
0.004 
0.046 
0.024 
0.039 
N. 
0.096 
0.110 
0.038 
0.030 
0.031 
0.012 
0.027 
0.033 
0.026 
0.028 
0.027 
0.033 
0.033 
0.044 
0.057 
0.060 
0.080 
0.070 
0.148 
0.036 
0.036 
0.0311 
0.032 
0038 
0.033 
0.027 
0.027 
0.032 
0.015 
0.027 
0.031 
0.042 
0.048 
0.042 
0.085 
0.038 
0.043 
0.018 
0.037 
0.036 
0.029 
0.022 
0.028 
0.032 
0.026 
0.027 
0.049 
0.042 
0.061 
0.042 
0.056 
0091 
N/A 
N/A 
K 
0.000 
0.003 
0.030 
0.019 
0.029 
0.009 
0.012 
0.026 
0.016 
0.014 
0.023 
0.020 
0.012 
0.008 
0.006 
0.009 
0.009 
0.000 
0.000 
0.025 
0.023 
0.027 
0.02S 
0.029 
O.OIB 
0.0\8 
0.021 
0.022 
0.007 
0016 
0.005 
O.O()) 
0.008 
0.002 
0005 
0.021 
0028 
0.009 
0.Q\8 
0.030 
0021 
0.025 
0025 
0014 
0.010 
0.011 
0.010 
0.005 
0.001 
0000 
0002 
0000 
0.029 
0.033 
xlv 
Point 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
\3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
\3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
P 
0.046 
0.031 
0.032 
0.041 
0.035 
0.034 
0.033 
0.031 
0.022 
0.027 
0.020 
0.017 
O.ot5 
0.011 
0.0\3 
0.006 
0.007 
0.000 
0.010 
0.006 
0.003 
0.007 
0.003 
0.009 
0.000 
0.324 
0.114 
0.058 
0.041 
0.029 
0.029 
0.026 
0.031 
0.035 
0.027 
0.026 
0.028 
0.019 
0.024 
0.012 
0.012 
0.009 
0.006 
0.008 
0.003 
0.000 
0.000 
0.001 
0.003 
0.003 
Si 
0.006 
0.001 
0.009 
0.008 
0.014 
0.009 
0.017 
0.015 
0.021 
0.017 
oms 
0.004 
0.007 
1.118 
0.010 
0.004 
0.009 
0.012 
0.010 
0.009 
0.000 
0.000 
0.012 
0.018 
0.005 
0.022 
0.007 
0.000 
0.012 
0.008 
0.005 
0.007 
0.000 
0.014 
0.005 
0.002 
0.004 
0.005 
0.010 
0.009 
0.005 
0.005 
0.013 
0.008 
0.001 
0.005 
0.000 
0.015 
0.002 
0.006 
S 
0.033 
Om8 
0.037 
0.022 
0.004 
0.025 
0.027 
0.031 
0.034 
0.028 
0.037 
0.023 
0.013 
0.016 
0.010 
O.ot8 
0.009 
0.019 
O.ot8 
0.017 
0.017 
0.003 
0.008 
0.017 
0.005 
0.081 
Om8 
0.030 
0.038 
0.027 
0.022 
0.010 
0.043 
0.046 
O.ot5 
0.013 
0.032 
0.020 
0.021 
0.007 
0.006 
0.011 
0.022 
0.021 
0.014 
0.018 
0.000 
0.009 
0.035 
0.092 
Mg 
0.593 
0.501 
0.593 
0.561 
0.579 
0.484 
0.489 
0.410 
0.344 
0.287 
0.285 
0.229 
0.229 
0.215 
0.212 
0.171 
0.173 
0.\32 
0.098 
0.106 
0.119 
0.172 
0.273 
0.243 
0.320 
0.754 
0.509 
0.554 
0.560 
0.488 
0.562 
0.589 
0.546 
0.489 
0.390 
0.346 
0.325 
0.274 
0.257 
0.232 
0.159 
0.167 
0.126 
0.098 
0.106 
0.103 
0.150 
0.192 
0.341 
0.423 
c. 
38.217 
38.637 
38.329 
38.425 
38.000 
38.241 
38.089 
38.091 
38.601 
38.499 
38.083 
38.447 
38.818 
37.850 
39.088 
39.606 
39.516 
39.237 
39.062 
39.267 
39.706 
39.492 
39.018 
36.011 
39.326 
36.547 
38.974 
38.543 
38.091 
38.352 
37.910 
37.891 
38.105 
38.028 
38.384 
38.085 
38.576 
38.590 
38.891 
39.111 
39.379 
39.125 
39.356 
38.727 
38.963 
39.200 
39.M4 
39.534 
37.766 
37.493 
0.000 
0.035 
0.018 
0.000 
0.045 
0.027 
0.024 
0.012 
0.048 
0.009 
om8 
0.000 
0.000 
oms 
0.000 
0.018 
0.055 
0.007 
0.010 
0.058 
0.000 
0.000 
0.028 
0.005 
0.042 
0.000 
0.000 
0.000 
0.035 
0.016 
0.000 
0.000 
0.026 
0.039 
0.000 
0.012 
0.017 
0.000 
0.000 
0.020 
0.034 
0.001 
0.000 
0.013 
0.000 
0.044 
0.000 
0.007 
0.022 
0.000 
0.000 
0.000 
0.000 
0.017 
0.014 
0.000 
0.000 
0.000 
0.012 
0.011 
0.005 
0000 
0.001 
0.046 
0.001 
0.000 
0.008 
0.023 
0.012 
0.0\3 
0.021 
0.000 
0.006 
0.009 
0.021 
0.016 
0.023 
0.002 
0.000 
0.005 
0.010 
0.026 
0.000 
0.022 
0.006 
0.022 
0.002 
0.006 
0.014 
0.026 
0.000 
0.000 
0.011 
0.017 
0.000 
0.000 
0.000 
0002 
0.006 
0.007 
Sr 
0.000 
0.030 
O.OB 
OOiS 
0.006 
0.021 
0.021 
0.022 
0.024 
0.032 
0.026 
0.023 
0.023 
0.019 
0.012 
0.030 
0.036 
0.018 
0.000 
0.009 
0.028 
0.017 
0.023 
O.ot I 
0.008 
0.006 
0.002 
0.018 
0017 
0.018 
0.000 
0.015 
0.011 
0.012 
0000 
0.020 
0.000 
0.007 
0.002 
0.001 
0.008 
0.006 
0.018 
0.033 
0.004 
0.003 
0.024 
0.018 
0.006 
0.012 
N. 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
Nt" 
NtA 
NtA 
Nt" 
NtA 
Nt" 
Nt" 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
Nt" 
Nt" 
Nt" 
Nt" 
Nt" 
Nt" 
NtA 
Nt" 
NtA 
NtA 
NtA 
NtA 
NtA 
NtA 
N/A 
N/A 
N/A 
NtA 
N/A 
K 
0.025 
0.029 
0.027 
o 02S 
0.022 
0.019 
0.027 
0.022 
0.008 
0012 
0.021 
0.008 
OOIS 
0.0]3 
OOB 
0.009 
0.000 
0.006 
0.007 
0.010 
0.001 
0.006 
0.004 
0.00 I 
0.00 I 
0.034 
0.031 
0.028 
0027 
0025 
0.029 
0029 
0.016 
0021 
0023 
0.0111 
0.014 
0.012 
0011 
0.007 
0000 
0.009 
0.005 
0.002 
0.000 
0.002 
0.000 
0005 
0.000 
0.0011 
dvi 
Appendix C Gel Protein Data 
SDS Polyacrylamide Gel Loadings 
Terebratulina retusa (Figure 4.2) 
Concentration (mglJlI) Loading (JlI) 
Lane I Unstained protein standards 5 
Lane 2 T retusa GnHCL extract 204 10 
Lane 3 T retusa EDT A extract 228 10 
Novocrania anomala (Figure 4.3) 
I Concentration (mglJlI) ) Loading (JlI) I 
Lane 1 Unstained protein standards I - I 5 
Lane 2 N anomala GnHCI extract I 73 I I 10 I I 
Lane3 N anomala EDT A extract 63 I 10 
Mytilus edulis (Figure 4.4) 
Concentration (mg/.d) I 
I 
Loading (JlI) 
Lane I Unstained protein standards - I 5 
Lane 2 M edulis GnHeL extract 541 10 
Lane 3 M edulis EDT A extract 208 10 
Gallus gallus (Figure 4.6) 
Concentration (mglJ1l) 1 Loading (J1I) 
Lane I Unstained protein standards - I 5 
Lane 2,3&4Eggshell EDTA extract 171 I 10 
I 
xlviii 
